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Continuation Proposal for NSF Grant No. DMR 8000671 
Collision Induced Optical and Auger Spectra of Solids 
I. Administrative Details. 
This project was initiated by a letter from NSF dated June 10, 1980 and 
commenced on July 1, 1980 as a continuing grant with support envisaged for 
a three year period. This present document is the continuation request for 
the second year. The Project Director-and Principal Investigator is Professor 
E. W. Thomas. 
II. Summary of Scientific Progress. 
(a) Introduction 
It is our general objective to study inelastic collision events resulting 
from energetic (5 to 200 keV) ion impact on surfaces where target atoms are 
ejected in excited or ionized states. In the long ·term we seek a comprehensive 
understanding of these inelastic mechanisms in terms of processes already well 
known in hi-particle (gas phase) collision studies. As an example of progress 
in developing this understanding we would point to ourl recent studies of ion-
induced Auger electron spectra from solid targets. We have shown (as have 
others) that the initial inner shell excitation mechanism is due to L-shell 
electron promotion and curve crossings in quasi-molecules formed temporarily 
during a collision; such process are well known in bi-~article collisions and 
the mechanism was first detailed by Barat and Lichten. Our work, and that of 
Wittmaack3 has shown that the Auger elecrons (representing inner shell 
excitation) and the multiply charged ejected target ions exhibit similar 
fluxes. Thus it appears an atom (or ion) ejected with an inner shell vacancy 
undergoes first an Auger decay (giving the detected Auger electron) leaving the 
ejected particle multiply ionized and contributing then to the spectrum of 
secondary ions. For the limited group of cases considered so far there would 
seem to be no significant flux of multiply charged ions produced by any other 
mechanism. Thus we have the beginings of a comprehensive understanding with 
the hitherto unrelated phenomena of Auger and secondary ion emission connected 
to the same (well understood) hi-particle collision mechanism. 
While some understanding of inelastic excitation of pure targets has been 
achieved, it is clear that any comprehensive model must also explain behaviour 
when a species of interest is bound in some different chemical environment. 
Thus much of our effor is devoted to inelastic processes in compounds and alloys. 
1. W. A. Metz et al., J. Appl. Phys. 51, 2888 (1980). 
2. M. Barat and W. Lichten, Phys. Rev~A. 6, 211 (1972). 
3. K. Wittmaack, Nucl. Instrum. Meth. 170,-565 (1980). 
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The program makes use of two general experimental facilities, connected 
to an accelerator. One facility allows us to study the optical spectrum induced 
by ion impact on a surface, the other permits study of the ejected electron 
energy spectrum which is related to Auger transitions excited by particle impact. 
In both arrangements ions, from the accelerator, at 5 to 200 keV energy are 
incident on a solid target housed in a ultra-high-vacuum environment. The 
targets are generally high purity metals or their compounds prepared by 
mechanical polishing and preliminary argon ion sputter cleaning. Surface 
cleanliness can be monitored by routine electron induced Auger spectra. 
By backfilling with various gases we can produce adsorbate layers. Details of 
the basic arrangements are to be found in our earlier publication.l,4 
In general the photon spectrum consists of sharp lines, readily identifiable 
from standard tables, whose intensity-can be related to the probability for 
excited state formation. Auger electron lines, corning from atoms with inner 
shell vacancies, are often difficult to identify precisely and represent very 
fast decays that may occur while an atom still interacts with the solid target. 
Thus in any work with Auger spectra one must inevitably devote some effort to 
understanding what the Auger line represents. 
Our work has progressed as envisaged in our original program and can be 
usefully divided into studies of ion induced Auger spectra and ion induced 
optical spectra representing the two different detection arrangements. 
(ii) Ion Induced Auger Spectroscopy 
Under previous NSF support we have initiated studies of the Auger spectra 
induced by ion impact on solids. Of particular interest are the spectra of 
Al and Si induced by Ar+ ions. These both show one major line plus three 
subsidiary features. The lines are sharp and atomic like, differing in both 
shape and energy from those induced by electron impact on solids. We have 
arguedl that the lines are primarily from ejected (neutral) target atoms with 
L - shell vacancies and that they decay in free space. We have attempted to 
calculate line energy and can generally explain the form of the spectra from Al 
and Si as being due to unresolved groups of lines. 
A disturbing feature about the spectra and our interpretation of them is 
that we cannot resolve all the lines we predict to be present. We believe this 
may be due to Doppler broadening related to the energy of the sputtered particles. 
Our major effort since the initiation of the present grant has been to construct 
a better electron spectrometer following the pattern of Allyn et al.,5. This 
will have an improved resolution compared with the present device and has a 
unidirectional acceptance geometry (rather than an annular cone of the equipment 
used previously) permitting a precise definition of direction and therefore 
allowing a prediction of Doppler broadening. With this we can not only provide a 
better resolution but also we will be able to de-convolute overlapped lines using 
a predicted Doppler broadening function. The instrument can also be rotated about 
the target to arrive at an angular distribution of electrons. Using single crystal 
targets we can search for directional effects related to crystal orientation. 
4. W. E. Baird et al., Phys. Rev. A 10, 2063 (1974). 
5. c. L. Allyn, T. Gustafsson and W. E. Plummer, Rev. Sci. Instrurn. ~. 1197 (1978). 
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If (as \ve have proposed for Al) the Auger decay occurs in free space there will 
be no directional effects. If (as others have argued) the excited atoms lie 
1n the target matrix then there will be strong directional effects. We anticipate 
that as one goes to targets of higher Z (e.g. P or S) in single crystal compounds, 
directional effects should become more apparent because lifetime decreases and 
decay inevitably must occur while the ejected atom still interacts with the 
target. 
Within the six month period since the initiation of the present grant 
we have devoted our efforts entirely to development of the equipment and the 
computer control necessary for handling the complicated focusing sequence of the 
spectrometer. Both hardware and software are complete and now under test. No 
problems are apparent. 
During the remaining six months of the present grant period we anticipate 
recording high resolution spectra induced by Ar+ impact on Al and Si for detailed 
comparison with our predicted line positions. We would hope to detect an 
increasing Doppler breadth with incident energy indicating increased average 
energy of ejected species. We intend to perform high resolution studies of the 
Si LMM Auger spectra from various silicon compounds to explore why the relative 
intensities of features change with target chemical composition. It is 
possible that these changes reflect simply alteration of M shell populations 
(i.e. excited outer shells) with chemical species. -We would then anticipate 
corresponding changes to the optical spectra and these also will be monitored. 
(iii) Ion Induced Optical Spectra of the Target 
We continue to perform quantitative optical spectroscopy of the emissions 
induced by ion impact on the target. Of particular interest are emissions from 
molecules. The rotational and vibrational state population of the molecule should 
reveal the underlying characteristics of the excitation and ejection process. For 
example if excitation and ionization occurs in some local plasma situation (as 
suggested by the Anderson-Hinthorne6 model) then populations should show a 
Boltzman distribution related to an effective plasma temperature; these 
temperatures are estimated7 to be 4000-7000°K. If the molecule exists on the 
surface and is ejected as a single entity the populations should be a Boltzman 
distribution appropriate to surface temperature which would normally be about 
300oK. A third possibility, invoked in the formation of dimer ions,8 is that 
the constituents of the molecule are ejected as separate atoms but with kinetic 
energies, in their center of mass frame, less than the molecular binding energy 
so that they appear at a distance from the surface as a molecule; in this case 
a high degree of rotational excitation is expected due to the variety of initial 
trajectories. 
Our major objective is to study long lived transition metal oxide molecules 
which give continuous emission spectra. We believe these continua occur because 
transitions are to a repulsive state. Others argue that the apparent continua simply 
represent high degrees of rotational excitation. There is some question as to what 
excited states are involved in these cases. Consequently we are performing some 
6. C. A. Andersen and J. R. Hinthorne, Anal. Chem. 45, 1421 (1973). 
7. C. J. Good-Zamin et al., Radiat. Effects. 35, 139 (1978). 
8. G. P. Konnen, A. Tip and A. E. deVries, Radiat. Effects. 21, 269 (1974); and 
26, 23 (1975). 
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preliminary studies on ejection of excited molecules where the molecular 
configurations are well known. 
We have studied the spectra of N2 induced by Ar+ impact on Si with 
implanted N2 and the N2 spectrum induced when ~ is incident on Si. In both 
cases the predominant features are from the v=O level of N2 in the c3nu state. 
The rotational distribution is appropriate to a temperature of around 300°K and 
population of the v=l vibrational level is small or negligible. Both observations 
indicate that N2 is formed on the surface and ejected as a single entity. The 
observations are inexplicably different from similar experiments of Snowdon 
et al.,9 which claim that the emission spectrum is of N! and that there are 
high rotational and vibrational populations. We do however note that earlier 
experiments of Battacharya et a1.10 on this situation show spectra of N2 
agreeing with our work. The present data indicates that the nitrogen atoms 
implanted into the solid do not migrate but are simply revealed as the surface 
is sputter eroded down to the implantation depth. When two separate atoms are 
revealed at the surface they presumably recombine to N2 and are ejected. 
We have recently shown that the CN radical rna~ be formed in an alkali 
halide crystal by sequentially implanting c+ and N ions so that their range 
distributions overlap. They are detected by their optical emission spectrum which 
may be induced by any projectile (ions, or electrons) having a range greater than 
the implant depth. We are developing a detailed model which suggests that 
formation of CN is simply related to the statistical probability that both a C and 
an N projectile come to rest on the same lattice site. There is no evidence that 
C and N thermally migrate to recombine. The existence and behaviour of CN- ions 
in alkali halides is of course well known. The CN molecule exhibits directional 
disorder until temperatures are lowered below an 83°K phase transition.ll That 
CN forms in the target is an interesting curiosity but not surprising in view of 
the stability of the CN bond and the strong binding of CN- to anion sites. We 
have no evidence that molecules form in the lattice for other implant situations 
and believe molecular systems observed during sputtering are formed at the 
surface. 
+ We are now undertaking a brief study of the BH spectrum induced by Ar impact 
on a B target with adsorbed H. This has a particularly well separated rotational 
* 12 structure. We have also returned to the study of the Mo 0 spectrum observed 
during Ar+ impact on Mo with adsorbed oxygen. We are seeking first to confirm 
that the intensity of this emission increases with oxygen coverage in the manner 
predicted by our earlier rnodel.12 
9. K. J. Snowdon, E. Taglauer and W. Heiland, Proc. of the Symposium on Sputtering, 
(Pechtolsdorf/Wien, Austria). Pub., Technische Universitat Wien, Austria, 
June 1980. Page 294. 
10. R. S. Battacharya et al., Radiat. Effects. 33, 57 (1977). 
11. M. Rossinelli and M.A. Bosch, J. Phys. c, 13, 2671 (1980). 
12. E. 0. Rausch, A. I. Bazhin and E. W. Thornas-,-J. Chern. Phys. ~, 4447 (1976). 
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III. Re-iteration of the Program for the Next Grant Year 
Our overall objectives and program remain the same as in our original 
proposal. We intend to develop an understanding of inelastic collision processes 
leading to changes in the quantum state of target atoms. Taking relatively simple 
target systems such as Al and Si we shall record excitation of inner and outer 
shells and compare these with secondary ion spectra (generated by other groups 
or if necessary by ourselves). We have shown already similarities between Auger 
and secondary ion fluxes suggesting that atoms or singl~ charged ions are ejected 
wi~ inner shell vacancies, decay to give the detected Auger electrons and 
thereby produce highly charged ions. Since the Auger decays leave the outer 
shells in an excited configuration it is possible that at least part of the 
optical photon spectrum results also from inner shell excitation. We must 
explore these concepts with further measurements. Of particular importance is the 
effect of chemical environment which should alter all these signals in a similar 
manner. 
We shall continue to study also the ejection of excited molecules to determine 
whether they are ejected as separate atoms or as a molecular entity. Of ultimate 
interest is to understand the molecular structure which gives rise to continuous 
spectra when the transition metal oxides are bombarded. The ultimate test of a 
proposed structure is to diagnose directly the nature of the sputtered species 
by a technique such as laser induced fluoresence., 
IV. Personnel. 
Prof. E. W. Thomas remains Principal Investigator on the project assisted 
by graduate students W. A. Metz, L. Efstathiou and R. Whaley, Mr. Metz will finish 
his Ph.D during the next six months but no other personnel changes are forseen. 
V. Publications 
Manuscripts appearing in print or being accepted for publication during the 
first six months of this grant were follows: 
"Identification of Auger Spectra Induced by Ar+ and Kr+ Impact on Transition 
Metals", K. 0. Legg, W. A. Metz and E. W. Thomas, J. Appl. Phys. 2.!_, 4437 (1980). 
"Electron and Ion Impact Phenomena: Sputtering," E. W. Thomas, Encyclopedia 
of Physics (Ed., R. Lerner, G. Trigg, Pub, Addison-Wesley Pub. Co. MA) (to be 
published). 
"Formation of Excited States by Ion Impact on Surfaces", Progress in Surface 
Science 10, #4 (to be published). 
"Inelastic Surface Collisions," Chapter in ''Applications of Atomic Collision 
Physics, Volume IV, Condensed Matter" (Academic Press, N.Y., 1981, H. S. W. 
Hassey, B. Bederson, E. W. McDaniel and S. Datz, Editors). 
VI •. Current Support 
Prof. Thomas has an R & D subcontract with Union Carbide Corp for work in 
support of the Fusion Program at Oak Ridge. This 
1 March 1981 through 28 February 1982. This work 
using separate facilities and graduate students. 
pending or being sought. 
amounts to $53,000 for the period 
is independent of the NSF grant 
No further research support is 
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VII. Statement of Remaining Funds. 
The present grant year commenced on 1 August 1980 with an award of 
$37,400. Accounts as of November 30, 1980 (after 33% of grant year has passed) 
showed an unencumbered balance of $10,376.51 (ie 73% of grant expended). 
We anticipate no significant unobligated funds at the end of the present 
grant period (31 July 1981). 
VIII. Budget 
Attached separately is the proposed budget in NSF format. The requested 
total is essentially that envisaged in the award letter of June 10, 1980. 
Continuation Proposal for NSF Grant No. DMR 8000671 
Collision Induced Optical and Auger Spectra of Solids 
I. Administrative Details 
This project was initiated by a letter from NSF dated June 10, 1980 and 
commenced on July 1, 1980 as a continuing grant with support envisaged for a 
three year period. This present document is the continuation request for the 
third year. The Project Director and Principal Investigator is Professor 
E. W. Thomas. 
II. Summary of Scientific Progress 
(a) Introduction 
It is our general objective to study inelastic collision events resulting 
from energetic (5 to 200 keV) ion impact on surfaces where target atoms are 
ejected in excited or ionized states. The basic ejection process involving 
transfer of kinetic energy to the target atoms, described broadly by the term 
sputtering, is largely understood. One may refer particularly to the extended 
reviews edited by Behrisch1• The problem can generally be handled by a model 
treating the kinematics of collision events generated by the impact of the 
projectile. Largely intractable, however, is the description of the quantum 
state of the ejected species, the state of excitation and ionization. The 
quantum state of the ejected particle is governed by processes occuring as it 
progresses from its position in the matrix, where its condition may be described 
by solid state theory, to its final position in vacuum where it is described by 
the well known characteristics of atomic structure. Thus, study of the quantum 
state distribution of ejected species provides information on the evolution of 
electronic structure as a particle moves away from the solid and into free 
space. 
We are studying the quantum states of ejected species by performing optical 
and Auger spectroscopy of atoms and molecules ejected out of solids by impact of 
energetic particles. The optical spectroscopy provides information concerning 
the outer shells of the ejected species and in turn is related to the valence 
band structure of the solid. The Auger spectroscopy probes the inner shell 
populations and in turn is related to the relatively unperturbed inner shells 
of atoms in the solid. Considerable world-wide activity exists in both areas 
and we have recently summarized the situation in two major review articles2,3. 
Innumerable theoretical approaches exist for the description of the excitation 
processes but, in general, each is specific to a limited class of observations 
and does not describe other phenomena that should intrinsically be related. 
1. R. Behrisch, "Topics in Sputtering", Springer Verlag, Berlin, 1981. 
2. E. W. Thomas, "Formation of Excited States by Ion Impact on Surfaces", 
Progress in Surface Science 10, #4, 1982 (in course of publication). 
3. E. W. Thomas, "Inelastic Surface Collisions", in "Applications of Atomic 
Collision Physics, Vol. IV, Condensed Matter", Academic Press, N.Y., 1981, 
H. S. W. Massey, Ed., (in course of publication). 
For example, a description of excited outer shell formation will often be 
inconsistent with observations of (ground state) populations of particles 
with differing charge states. Our overall objective is to move towards a 
unified description of quantum state population or at least to delineate 
the reasons why no single description applies. As an example, it has been 
shown by ourselves4 and by Wittmaack5 that for Ar+ on A£ and Si the flux of 
Auger electrons from ejected A£ and Si particles is essentially the same as 
the flux of ions in all charge states, leading to the conclusion that charged 
ejected particles result from Auger decay of atoms ejected with inner shell 
vacancies. Thus only a single mechanism is responsible for these two apparently 
different types of observations. We would further note that the Auger decay 
will generally leave some atoms with excited outer shells so that part of the 
optical emission spectrum must also have atoms with inner shell vacancies as a 
precursor state. 
Since a major aspect of our work is the study of outer shell excitation 
we are vitally concerned with the influence of surface chemistry on the 
observed processes. It is well known2 that oxidation changes the excited 
state population of ejected atoms, and we have shown that even Auger spectra 
coming from ejected atoms are sensitive to the nature of the chemical environ-
ment from which they were ejected. Indeed, a fraction of the ejected particles 
are in fact molecules representing the chemical composition of the solid. 
Any detailed understanding of ejection must include consideration of these 
chemical effects. We have recently completed an extensive study of whether 
molecules can be created by atomic collision events in the solid. As a vehicle 
we have considered sequential implantation of C and N into alkali halides and 
shown (see section b) that CN- radicals are created by a process involving 
localized melting followed by recombination. Our work includes also a continuing 
study of excited molecules ejected from solids which reveals interesting rota-
tional excitation populations that relate to the ejection mechanism (see section 
c). 
This experimental research program employs two major facilities. A high 
resolution optical spectrometer monitors, quantitatively, the population 
distribution of ejected particles with excited outer shells. A high resolu-
tion Auger spectrometer monitors the shape and intensity of Auger spectra. 
Both systems are little changed from descriptions given earlier in the 
literature6,7 and need not be described further here. Both are at present 
mounted on an ion implanter that provides projectile beams of energy 20 to 
200 keV. Both may also be connected to a separate lower energy accelerator 
if desired. 
In general, the work has progressed as envisaged in our proposals and we 
expect to follow the proposed program for the third year of this continuing 
grant. There follows a detailed description of recent progress, subdivided 
4. W. A. Metz, K. 0. Legg and E. W. Thomas, J. Appl. Phys. ~. 2888 (1980). 
5. K. Wittmaack, Nucl. Instrum. and Meth. 170, 565 (1980). 
6. W. E. Baird et al., Phys. Rev. A 10, 20~(1974). 
according to the objectives of the various program segments. 
(b) Formation of CN- Radicals by Ion Implantation 
We have been concerned for some time with the question of whether molecules 
can be created by ion implantation and the general question as to how an inci-
dent ion comes to rest and forms chemical bonds with its neighbors. We have 
now completed a study of CN- formation by sequential implantation of C and N 
into alkali halide crystals. The work is described in two papers submitted 
for publication7,8 and we reproduce the abstract of the major work7 here; 
copies are included with this proposal. 
Formation of CN- Radicals by Sequential Implantation 
of Carbon and Nitrogen Ions into KCl 
It is shown that the sequential implantation of 20 to 200 keV 
c+ and ~ ions into a KCl crystal gives rise to formation of the eN-
molecular configuration. Detection of the CN- is by the characteris-
tic luminescence spectrum induced when He+ ions are incident on the 
implanted target, a technique which represents a direct in-situ 
determination of their presence. It is shown how the ion induced 
optical emission may be used to provide a routine relative measure-
ment of the quantity of CN- present. We describe a phenomenological 
model of the formation process which leads to the conclusion that 
each incoming ion searches a volume of the target approximately 3.4 
x lo-21 cm3 in extent and has a unit probability of combining with an 
atom of the other species lying in this region. This model explains 
why saturation of the CN- density occurs at an N+ dose independent 
of the quantity of c+ implanted previously. 
The most valuable result of the work comes from the information it provides 
on the mechanism whereby the molecule is formed. With a small preliminary dose 
of c+ one can follow the formation of CN- as a function of the following ~ 
dose. Saturation of the CN- density occurs at a dose corresponding to only 
one ~ ion implanted for (approximately) every 100 cation lattice sites. 
Thus each ~ ion has "searched" a substantial region of the solid to find the 
C atom with which it combines. To explain this we utilize the results of an 
(unpublished) molecular dynamics calculation of Landman which shows that a 
foreign atom introduced into a crystal cause a localized melting over a 
region of some four or five lattice constants in radius. We propose that the 
implanting N+ causes such a localized melt as it comes to rest, and that if a 
C ion lies in this region there is a conventional atom-atom recombination. 
The necessary recombination coefficients are consistent with recent calcula-
tions for high density situations. Subsequently (in about lo-14 seconds) the 
melt recrystallizes and the newly formed CN- occupies a cation site. 
7. W. A. Metz and E. W. Thomas, J. Appl. Phys. (submitted). 
8. W. A. Metz and E. W. Thomas, Nucl. Instrum. Meth. (accepted). 
This model provides considerable insight into the process whereby an 
implanted atom arrives at a lattice site. While we propose no further work on 
this particular system we are seeking a similar case for study where the 
theoretical model can be quantitatively linked to experiment. 
(c) Excitation of Sputtered Molecules 
Molecules possess rotational and vibrational degrees of freedom and the 
population of such states in sputtered particles will provide clues as to the 
dynamics whereby the molecule is formed and ejected. To capitalize on this 
opportunity we have been studying the excited state populations of Nz molecules 
sputtered from nitrogen implanted Si. The Nz molecule is an attractive candidate 
having well understood energy levels and exhibiting relatively simple rotational 
and vibrational structures. The nitrogen is first implanted into Si and then 
the sample bombarded with either Ar+ or further N+ to produce a spectrum 
dominated by N2* lines from the C 3rru v = 1 state. There is significant rota-
tional broadening that can be modelled by an effective rotational temperature 
of 1100°K. Vibrational excitation is negligible. 
It is often argued that sputtered molecules are created by simultaneous 
ejection of two separate atoms (here N) with kinetic energies in the center of 
mass frame less than the binding energy of the molecule. Such a situation can 
be shown to result in significant rotational and vibrational excitation, features 
that we do not observe. Our approach is to consider that the impact causes the 
molecular formation on the surface. An incident particle causes an N atom to 
recoil transversely across the surface to arrive at a site already occupied by 
an N atom. A temporary molecule forms, stabilizes by collision with surrounding 
atoms, and emerges because the residual interaction with the surface is repulsive. 
Sample trajectory calculations show that the maximum rotational energy of the 
molecule will be appropriate to a state of rotational quantum number J = 11. This 
is approximately what we observe. Stabilization of the molecule is by conversion 
of vibrational energy into kinetic energy in the manner described by Willis and 
Fitton9 in a study of Hz desorption from interstellar dust. The model remains 
under development and now requires a detailed Monte-Carlo calculation of tra-
jectories leading to a distribution of rotational population that can be compared 
with observations. 
A brief interim report on this work has been accepted for publication10 
and is attached as an appendix. 
(d) Ion Induced Auger Spectra 
A typical lifetime for a 2p inner shell vacancy in a third row element is 
around lo-14 sec. Thus atoms (or ions) ejected with only a few eV of energy will 
frequently undergo the Auger decay process while still significantly influenced 
by the potential of the surface. A mechanism that both excites such inner shell 
vacancies as well as providing the kinetic energy for ejection, is inner shell 
promotion in the quasi molecule formed as two heavy particles approach each 
9. R. F. Willis and B. Fitton, At. and Space Sci. ~. 57 (1975). 
10. L. Efstathiou and E. W. Thomas, Nucl. Instrum. Meth. (accepted for publication). 
other. The promotion produces the vacancy and the necessary close distance of 
approach ensures that substantial kinetic energy is transferred to the target 
atom. Such promotions can be instigated by projectile-target collisions as 
well as target-target collisions in the collision cascade. These matters are 
well described in the literature and require no further comment here2,4. 
An Auger spectrum induced by, say, Ar+ impact on At or Si is expected to 
be of target atoms recoiling from the solid with an energy appropriate to a 
collision event of sufficiently small impact parameter that molecular orbitals 
may become degenerate and promotion occur. We have recently performed model 
calculations for such events which show that 70% of the Auger decays in 
sputtered Si occur within 5 ~ of the surface. Thus the majority of decay 
processes occur while the emerging atom is still interacting with the target. 
The fraction increases as one proceeds to sulphur and phosphorus where life-
times are yet shorter. 
The Auger spectrum is then emitted by particles either in free space or 
suffering some limited interaction with the surface they are leaving. Since 
the Auger decay occurs from atoms no longer in the matrix one expects no 
plasmon spectra, and sharp atomic like lines; these characteristics we have 
documented4. 
We have calculated4 the line spectrum for aluminum assuming that the prin-
cipal source of Auger electrons is ejected At atoms in a 2p5 3s2 3p2 configura-
tion. For Si we propose4 that the source is Si in a 2p5 3s2 3p3 state. Again 
we have predicted the line spectrum and have an excellent opportunity to check 
in detail the predictions since for Si the separation of individual lines 
is comparable with the resolution of our detection system. 
We have shown in the case of Si that the relative intensity of different 
features in the Si spectrum change with the chemical nature of the surface. 
A change of line intensity without change of line position implies either 
change to level population or to decay probability. If only a single state 
is the precursor to the transition and line structure reflects only different 
final states we are forced to conclude that the change to the structure of the 
Auger spectrum relates to altered transition probabilities. Auger matrix 
elements expressed in terms of the vector separation of ion cores R vary as 
R-3 so that probabilities of interatomic transitions (involving two atoms) 
are small. Hence the Auger line is characteristic of the atom where the original 
core hole was createdll. Changes to transition probability are then due to 
perturbations of outer shell wavefunctions by the adjacent solid. 
We are proceeding by accumulating high resolution ion induced Auger spectra 
of Si from various chemical compounds (Si, Si02, SiC, Si3N4, etc.) in an 
attempt to relate details of the Auger spectra to perturbations by the other 
atom present (0, C or N). It appears that a typical spectrum from a compound 
has two groups of components. One group is common to all cases and may represent 
Si interacting with Si. The other varies with compound and may represent inter-
action of Si with the other atom. 
11. T. Kunnjunny and D. K. Ferry, Phys. Rev. B. ~, 4606 (1981). 
Continuation of this work will represent approximately 60% of the effort 
in the 12 month period covered by this continuation request. 
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I. TITLE 
Collision Induced Optical and Auger Spectra of Solids. 
II. ADMINISTRATIVE INTRODUCTION 
This report covers work performed under NSF Grant DMR-8000671 durlng the 
period 12/31/82 through 1/1/83. The Principal InvE:stigator is Edward W. Thomas, 
Professor of Physics and Director of the School of Physics~. This report is 
sent as an accompanyment to a proposal for contlnued supr>ort. 
III. ABSTRACT 
Impact of ions on surfaces gives rise to excited ej ec·ted particles and 
excitation of the solid itself. This report covers three rather distinct 
investigations of such phenomena. 
We show that eN- radicals are formed by sequential implantation of C and 
N into KC£ crystals; the formation is detected by ion induced luminescence 
of the radical. The process of formation appears to be conventional recombina-
tion occurring in a region of localized disorder at the end of the projectile 
track. 
Molecules of N2 sputtered from Si are sho~~ to be rotationally excited 
with a non-Boltzman population distribution. This is evidence that the molecule 
on the surface is in a hindered rotational state and we are able to estimate 
the angle in which the hindered rotor moves. Data from other sources for 
rotationally excited sputtered molecules and rotationally excited scattered 
molecules is also consistent with the model. 
Auger spectra induced by ion impact (Ne+, Ar+) on solids (Na, Mg, Al, Si) 
show evidence of decays occurring while the emerging atom is still within 
the. potential field of the solid. 
IV. DISCUSSION OF PROGRESS 
This project is designed to study the interaction of atomic and molecular 
species with surfaces. The experimental techniques involve detection of optical 
spectra and Auger electron spectra when heavy ions are incident on various 
surfaces. The optical spectra are from ejected atoms and molecules with 
excited outer shell electrons. With the long lifetime against radiative decay 
(typically lo-8 sec) the ejected species is distant from the surface before 
decay occurs. Thus the quantitative measure of line intensity provides the 
asymptotic quantum state distribution of the ejected species. Auger spectra 
are from atoms with excited inner shells. Due to the short lifetime against 
Auger decay (typically lo-14 sec) ejected atoms may undergo their decay while 
still interacting with the surface. In this case the spectrum may be perturbed 
by surface interactions and analysis may in principle provide information on 
the energy levels and transition probabilities of atomic structures perturbed 
by the field of the surface. 
The two distinct experimental techniques provide different types of informa-
tion and it is most convenient to discuss them separately. The report is 
1 
organized along the following lines. We discuss first in general terms the 
expe~imental facilities used for the work. There follows a series of reports 
on the results of studies of optical emissions then a report on the study 
of Auger emissions; finally the understanding gained is summarized. In some 
cases the work has been largely published in the open literature and we 
shall reporduce the publications as Appendixes for detailed reference. 
(i) Experimental Facilities 
The work has involved stu~y of optical and Auger spectra induced by ion 
impact on solid targets. In simplistic terms the equipment consists of an 
optical or Auger spectrometer viewing the point of beam impact on a surface. 
Ion beams for all experiments have been provided by a 20 to 200 keV ion 
implanter. The work on Auger ~pectra has generally involved ·Ne+ and Ar+ iom;. 
The optical spectroscopy has involved work with He+, Ne+, N+, N2+ and Ar+. 
The ion beam is mass analyzed, collimated and directed into a uhv chamber 
(base pressure < lo-9 torr) to ~npact on the selected target surface. An 
Auger electron spectrometer is available to monitor surface composition and 
a sputter ion gun can be used for in-situ cleaning. The targets themselves 
are high purity materials (generally, Na, Mg,· Al, Si, K~l) and in some cases 
(Si and Kel) single crystals are used. Targets are either cleaved (Si and 
Kel) or polished before mounting on a precision manipulator and insertion 
into the vacuum chamber. The uhv system is baked to 200°e before use and back-
ground pressures are below lo- 8 torr even when the ion accelerator is operative. 
A Jarrel Ash 1/2 meter {or Oriel 1/4 meter) scanning optical monochromator 
views the point of beam impact and signals from the low noise photomultiplier 
recorded on a multi-channel scalar as a function of wavelength. The Auger 
spectrometer, with its integral electron gun is used to record the Auger 
spectrum, again onto the multi-channel-scalar. The Auger spectrum may be 
recorded in either the derivative or integral modes. Data records may be 
transmitted to a computer for analysis. 
(ii) Formation of Radicals in the Solid by Ion Implantation 
One matter that has concerned us for some time is the ultimate fate of 
an atom implanted into a solid. There is of course substantial information on 
the crystallographic location of implanted non reactive species such as rare 
gases. However, what occurs when the implanted species can react with the 
matrix? To study this matter we implanted e and N separately into Kel and 
other alkali halide crystals then subsequently monitored the formation of eN-. 
Detection of eN- was by exciting it to fluorescence with energetic He+ and 
detecting the characteristic eN spectrum. We sought to study first whether 
the separately implanted e and N chemically combined at all and secondly what 
was the rate at which this occurred. This particular combination of species 
was chosen because there is substantial information on CN- in alkali halides 
where it substitutes for the halide atom. 
The results have all been published and the reader is referred to 
Appendix I for an extensive report and Appendix II for a less extensive 
publication. Briefly the conclusions were as follows. 
Firstly the radical eN- was in fact formed by sequential implant of e 
and N into Kel and the fluorescence spectrum was in fact identical to that of 
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CN- in a KCN crystal. We showed in some detail how the density of eN- varied 
with implant energy and dose showing it to be directly related to the local 
density of implanted C and of implanted N. Ther'e is no evidence that either 
species migrates to form the radical. For a given dose of C the formation of 
CN- by the subsequent implantation of N should of course show a saturation 
when all the available C is reacted. If a reaction were to occur only when 
an N atom came to rest on the lattice position as already occupied by a C then 
saturation would ·occur at an N dose that placed one N on every lattice site in 
its range. Only then could one ensure that every previously implanted C had 
an opportunity to react with an N atom. In practise the N d~nsity for satura-
tion was two orders of magnitude lower. Prof. U. Landman suggested that when 
an atom comes to rest in a lattice it causes a localized melting. This he 
demonstrated by molecular dynamic simulations. The thermal energy spreads out 
by conduction, local energy decreases and eventually recrystallization occurs. 
With this model we have a disordered or molten region existing for a short 
period. All atoms will be mobile and can undergo chemical reaction as approp-
riate. If an incoming N creates such a region and a previously implanted C is 
located in .its boundary then the reaction could occur and after recrystallization 
the CN- could be found in the halide lattice site. Interpreting our data on 
this basis we conclude that the disordered region is about three lattice 
constants in radius and lasts for about lo-13 seconds. This is completely 
consi~tent with Landman's molecular dynamic simulation. 
In. conclusion, implanted species' do react chemically with their 
surroundings in the disordered region created by the change in local potentials 
as the projectile comes to rest. This may be the basic explanation of how 
implanted species enter lattice sites at the end of their range. 
Full details are to be found in Appendixes I and II. We regard this 
project as completed and no further work is planned. 
(iii) Rotational States of Ejected Molecules 
We turn now to the question of what happens to a molecule when it is 
ejected {sputtered) into free space and concentrate particularly on the 
question of rotational state populations. Detailed optical spectroscopy of 
the rotational state structure of an electronic decay can give us the rotational 
population of molecular states that have departed a macroscopic distance from 
the surface. These populations should in turn be related to the rotational 
states of the molecule when it was bound to the surface •. The excitation 
process itself might be thought to cause changes to rotational population but 
it is generally expected that excitation would be by Franck-Condon transitions 
and that rotational configurations will not be altered. We have in fact shown 
this ourselves many years ago in gas phase collisionsl and there is a sub-
stantial body of supporting evidence in the literature. · Let us then assume 
that the rotational state population in free space is related to the earlier 
rotational state population of the molecule when bound on the surface. Two 
possible population distributions come to mind. First if the molecule is in 
rotational equilibrium with a surface at temperature T °K then the rotational 
state population of the ejected species should be the same. Aiternatively if 
1E. W. Thomas, G. D. Bent, J. L. Edwards, Phys. Rev. 165, 32 (1980). 
3 
ejection was by a collision cascade and this has some effective equilibrium 
temperature Tc associated with it then rotational state population should be 
a Boltzman distribution appropriate to that temp'erature. In ·studies of 
electronic excitrttion and charge state populations the value of Tc must be 
taken as 3000 to 7000 OK to fit the available observations.2 We set out to 
decide which temperature was appropriate and found that the data fitted 
neither. 
As a test case we considered excited N2 sputtered from ~ implanted Si. 
Implantation was with 50 keV ~. As implant density builds up we observe a 
rise in the N2 (3371 ~ Band Head, 3TI + 3TI v = 0 + v = 0) emission to a 
saturation value. This emission we have shown (see Appendix III) is due to 
previously implanted nitrogen atoms being revealed by sputtering, recombining 
to form N2 and subsequently being ejected. The general understanding of this 
was formulated by Battacharya et al.3 Plotting rotational state population 
as a function of J we found that fur lower states we had a roughly thermal 
population with an effective rotational temperature of 1100 °K. Since the 
target was at room temperature this is not appropriate to a thermally 
accomodated. molecule. Moreover, they do not agree either with the nonnally 
expected temperatures from the LTE collision cascade approach.2 Our results 
to this point have been published and are reproduced as Appendix III. 
We subsequently studied in more detail the rotational population out 
to high rotational quantum numbers J. We show that at J > 30 there are high 
populations and the total distribution can in no way be represented by a 
thermal population. 
Almost simultaneously with our discovery-there was a publication by 
Kleyn ~ al.,4 describing rotational populations of NO observed when rotation-
ally cold NO molecules at less than 1 eV kinetic energy are scattered from an 
Ag surface. Here again low J states showed a roughly thermal population but 
at high J states (J ~ 30) there were high populations that are not consistent 
with a thermal equilibrium situation. 
These two parallel observations, NO scattered from Ag4 and N2 sputtered 
from Si4 are of rotational populations of molecules that reside (albeit 
temporarily for the scattering problem) on a surface before emergence into 
free space. U. Landman,S working with us at Georgia Tech, suggested that 
one might explain the non-thermal distribution by examining the quantum 
mechanics of a hindered rotor molecular state. Here the molecule is described 
as a rigid dumbbell executing free rotations within a conical domain bounded 
at some critical polar angle S ~ n/2 by an infinitely re~ulsive wall. In 
effect this is the spherical-coordinate-system analog of the standard textbook 
infinite square well potential problem. Fig. 1 illustrates the hindered rotor 
configuration analyzed by Gadzuk, Landman and co-work~rs5 although other 
orientations are also possible. The angular part of the Schrodinger equation 
is solved to give eigenstates that are associated Legendre functions of 
arbitrary order. 
2 
C. J. Good-Zamin, M. T. Chehata, D. B. Squires and R. Kelly, Rad. Effects~. 
139 (1978). 
3 
R. B. Battacharya, C. B. Kerkdijk, J. F. Van der Veen and F. W. Saris, Rad. 
Effects ]1, 57 (1977). 
4 
A. W. Kleyn, A. C. Luntz and D. J. Auerbach, Phys. Rev. Lett. ~. 1169 (1981). 
5 J. W. Gadzuk, U. Landman, E. J. Kuster, C. L. Cleveland and R. N. Barnett, 
Phys. Rev. Lett. ~. 426 (1982). 
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Hindered rotor configuration considered in the analysis by Gadzuk, 
Landman and co-workers.S One atom is taken as stationary on the 
surface. The molecular axis rotates about the z direction in a 
potential v = 0 e < 8 and v = 00 e > 8 • 
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Fig. 2. Crosses show the population of the rotational states PJ as a function 
of rotational quantum number J from our m~asurements. Circles show 
the results of the hindered rotor model5 for B = 90°. 
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When the hindering potential is removed the molecule becomes a free rotor 
described by the well kno~m eigenfunctions: 
Population of the free state rotor is evaluated by the overlap of the two 
wavefunctions 1 and 2. 
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A full explanation is to b~ found .in the published ~-1ork. One can postulate 
that the hindered rotor exhibited a thermal population of its rotational 
states appropriate to the surface temperature and calculate therefrom the 
population distr.ibution one should observe in the free molecu!e. The calculated 
rotational state distributions are shown in Fig. 2 to be .in substantial agree-
ment with our obsen1ations provided the angle S of the rotor (see Fig. 1) is 
taken to be 90° in the calculation. The principal discrepancy between theory 
and experiment lies at the low rotational states where the computation produces 
a higher population than we mea~ure. We acknowledge that the large angle 
6 is at first sight unrealistic but this simply indicates the molecule lies 
parallel to the surface. This case is now being considered theoretically. 
At this point we should mention that we have also compared results of 
the hindered rotor calculation with the published data on rotational states 
of NO scattered from Ag4. The analysis is detailed in Appendix IV. There is 
acceptable agreement similar to what we show for our own data on sputtered N2. 
W~ have also examined published spectra of rotationally excited sputtered BH 
published by Kelly6 which appear to show state populations oscillating with 
increasing J. Again this is consistent with the hindered rotor model.8 The 
oscillations should be apparent in low mass molecules (such as BH). Thus 
there is substantial evidence from our own work and that of others, 4 •6 that 
the hindered rotor model may be the explanation of non-thermal rotational 
populations exhibited by molecules ejected from surfaces. 
6R. Kelly, S. Dzi.oba, N. Tolk and J. C. Tully, Surf. Sci. 102, 486 (1981). 
6 
A significant piece of information readily.extracted from the experi-
mental data is the conical angle of the rotor. Indeed for simple light systems 
where oscillatory populations are evident the angle is simply 180° divided by 
the separation (measured in rotational quanta J) of the minima in state 
populations. Such oscillations should be evident for light molecules. Our 
analysis of spectra published by Kelly6 show that BH molecules on a B surface 
must be in a conical well of half angle 26°. In principal one can now go 
forward to measure the half angles for any molecular species that may be 
desorbed by simply analyzing the rotational state distribution in free space. 
One may also vary the details of the potential function so.that complete 
correspondence between theory and experiment is·achieved and thereby confirm 
the potential. Of particular interest is the variation of potential with 
azimuthal angle. For example, a molecule located at the center of a four atom 
face of a cubic structure should be quite tract~ble. Such calculations, with 
realistic potentials are now b"eing performed for us by Landman and his group. 
It must be admitted that the work performed to date includes some 
complexities that should be removed in future expe~iments. Our work has been 
on electronically excited sputtered molecules. The electronic excitation 
occurs in the ejection p~ocess. Numerous gas phase experiments suggest that 
collisional excitation does not change rotational state populations but 
nevertheless this represents a source of ambiguity. It. is necessary now to 
perform experiments on the rotational population of ground electronic states. 
This is quite feasible using detection techniques of laser induced fluorescence 
(as done by Kleyn et al. in their study of NO scattering4) or perhaps electron 
induced fluoresce~ce ~s used by Thorrr~n et al.,7 in the study of vibrational 
excitation of thermally desorbed Nz). It~s~lso desireable to concentrate 
on low mass molecules of small rotational constant B where not only are the 
rotational states better separated but where oscillatory populations have 
been predicted.4 Sputtered BH molecules apparently show the anticipated 
features. One should also seek to perform tile·experiments as a function of 
ejection angle from simple single crystals since this will provide information 
on how potential varies with azimuth. Finally one must move mvay from the 
sputtering ejection mechanism since this involves transfer of kinetic energy 
from the collision cascade providing an additional degree of freedom and of 
complexity. Bond breaking mechanisms such as photon or electron induced 
desorption will be far more satisfactory. 
Our renewal proposal involves taking the steps outlined above and working 
closely with Landman's theoretical effort to provide detailed comparisons 
between experiment and theory that permit elucidation of detailed potentials 
and bond angles to describe molecules bound to surfaces in hindered rotational 
configurations. 
Some of this work is discussed in greater detail in the Appendixes. 
Appendixes III and IV. are interim publications, Appendix V is an analysis of 
Kleyn's scattering data. 
7 
R. P. Thorman, D. Anderson and S. L. Bernasek, Phys. Rev. Lett. ~, 743 (1980). 
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(iv) Inner Shell Excitation 
Impact of Ar+ ions on the elements Na, Mg, :Al, Si creates an Auger 
spectrum characteristic of the solid. We have previously reported the 
general features of the spectrum.8 In Fig. 3 we show a typical integral 
spectrum for the case of Al. There is an underlying continuum that bears 
a general resemblance to an electron induced spectrum with three sharp peaks 
that are certainly not from a solid matrix and are often referred to as 
"atomic like". These sharp features are not, however, dur to isolated atomic 
particles with an inner shell vacancy. Such a species \Wuld be an ion, and 
the same spectra should be produced in gas phase collisions like Al+ + Si; . 
the observed spectra are in fact not like those seen in gas phase collisions. 9 
There has been a continuing controversy regarding the precise nature and 
location of the emitting particle. A substantial body of opinion has argued 
that a sputtering process involves a collision cascade with many atoms dis-
placed from their normal lattice position. There is, however, no direct 
evidence at all that such a cascade exists. It was argued by Vrakking and 
Kroes10 that in the disturbed area of a collision cascade the particles should 
be largely neutral atoms in the nature of a high density gas. If an atom were 
to acquire an inner shell vacancy then the Auger spectrum would be atomic like 
but perturbed by its close neighbors. If this could be confirmed then one 
would have for the first time direct evidence of the collision cascade and 
also a means of assessing the atomic 'configurations of particles in the region. 
Such a result would be of great significance for the collision cascade theory. 
Our objectives were to examine this proposition and ascertain whether the 
sharp line spectra were from atoms· in the solid or atoms outside the solid; 
further we wished to confirm that the underlying continuum was due to a normal 
L23VV transition of the matrix. 
We believe that proper analysis of these spectra must be based on the use 
of integral rather than derivative spectra. Most authors present derivative 
spectra since these are most readily obtained with commercial instrumentation. 
While valuable in indicating locations of structures they can be quite mis-
leading when it comes to identification or to determining the relative 
importance of features. We work always with integral spectra and attempt to 
model the observations with a series of reasonable contributions. Fig. 3, 
for example, suggests an underlying continuum similar to that for electron 
impact. An electron induced curve can be readily obtained in our apparatus 
and adjusted to fit the low and high energy (shoulder) r~gions. This fits 
very well and in certain cases (notably Mg) we can even unambiguously identify 
plasmon loss peaks. One must now tackle the sharp features. We proposed8 
earlier that these are due to sputtered atoms and ou~ further analysis 
confirms that viewpoint. We argue that they are from sputtered atoms with an 
inner shell ~acancy and an extra outer shell electron; for example, for Al the 
8w. A. Metz, K. 0. Legg and E. W. Thomas, J. Appl. Phys. ~. 2888 (1980). 
9 P. Dahl, M. Rodbro, G. Hermann, B. Fastrup and M. E. Rudd, J. Phys. B 1, 
1581 (1976). 
10 
J. J. Vrakking and A. Kroes, Surf. Sci. 84, 153 (1979). 
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Fig. 3. Integral Auger spectrum induced by 190 keV Ar+ impact on Al (data 
points). The lower line is a simulated Lz3W spectrum consisting 
of an electron induced spectrum with an adjusted background. The 
upper line is a simulated ion induced spectrum composed of the 
following four components. 
(a) The Lz3VV spectrum--the transitions in the matrix. 
(b) Three Gaussian lines at positions predicted for decay of 
2p5 3s2 3p2 excited states of Al--the transitions of free atoms. 
(c) A small subsidiary broad peak, 10 eV in width, centered 
at 55 eV--the transitions of atoms in the fi:eld of the solid. 
(d) Features above 65 eV are explained as.due to doubly 
ioni£ed states. 
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state would be 2s2zp5 3s2 3p2 . From this we can calculate th.e energies of 
Auger electrons emitted in various decay paths and obtain line positions. 
The lines are broadened by an instrumental function including a small 
Doppler shift which we can assess separately and to which we arbitrarily 
assign a Gaussian shape. The relative intensities of the lines may now be 
adjusted to fit the observations. Fig. 3 shows the result of fitting the 
continuum and the lines. In. general, the overall fit is fairly good, 
particularly for Mg and less so for Si (see Figs. 4 and 5). 
These fitting procedures show quite clearly that the spectrum has both 
a bulk component and an atomic line component. Thus a certain fraction o.f 
the target atoms excited in the collision cascade do not exit from the solid 
and undergo a conventional LzJVV transition. The resulting spectrum shows 
the expected loss tails, plasmon losses etc. The remaining atoms em~rge from 
the solid picking up an electron in an outer shell to remain neutral. Decay 
occurs outside the matrix giving rise to discrete atomic lines which are 
predictable in position and shape. In much of the previous work there has 
been concern that the existence of three distinct· lines, with equal separa-
tions for each of the elements Mg, Al and Si indicated some new process with 
features common to each case. Due to the increasing complexity of states · 
available one would have expected an increase in the number of lines as one 
progressed from Mg, Al to Si. We have shown this to be an artifact of the 
problem. An increased number of lines do in fact occur and can be seen in Si 
as fine structure on the major features. However, the lines do tend to bunch 
in position and with a low resolution spectrum they fortuitously appear as 
three peaks in each case. 
Two problems remain and are receiving our attention. Firstly the llne 
intensities are quite different from theoretical computations.ll ~~ile no 
computation has been performed.for Al (2p5 3s2 3p2) one would expect relative 
line strenghts to be similar to Si+ (2p5 3s2 3p2). Such calculations are 
availablell and do not fit the data. Secondly there is for some cases 
(notably Al and Si) a spectral component underlying the main peaks that is 
not accomodated by a superposition of L23VV matrix spectrum and the atomic 
lines. This component is not present in the spectrum of Mg. We believe that 
these two discrepancies are related to decay of the atoms close to the 
surface where they are perturbed by the potential field of the solid. For 
Mg the lifetimes of 2p vacancies are such that most decays from sputtered 
particles occur in free space; here there is no unexplained spectral component 
and line intensities bear some resemblance to theory. For Al and more so for 
Si the lifetimes are lower, more decays occur close to the surface and both 
problems are present. We are developing a model to predict how these free 
atomic and perturbed atomic components should vary with lifetime and sputtered 
particle speed. Preliminary results are encouraging though not yet quanti-
tatively correct. 
A substantial effort has been devoted to clarifying erroneous statements 
in the literature. Hikari et al.,12 claim that the ion induced line spectra 
of Si change when it is studied in a compound. This claim was based on 
derivative spectra and if true would cast in serious doubt the identification 
1lu. L. Walters and C. P. Bhalla, Phys. Rev. A~. 2164 (1971). 
12
A. Hikari, S. C. Kim, T. Imura and M. Iwani, Jap. J. Appl. Phys • .!!!., 1767 
(1979). 
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Fig. 4. Integral Auger spectrum induced by 190 keV Ar+ impact on Si (data 
points). The lower line is a simulated L23VV spectrum consisting 
of an electron induced spectrum with an adjusted background. The 
upper line is a simulated ion induced spectrum composed of the 
following four components. 
(a) The L23VV spectrum--the transitions in the matrix. 
(b) Four Gaussian lines at positions predicted for decay of 
2p5 3s2 3p3 excited states of Si--the transitions of free atoms. 
(c) A subsidiary broad peak, 15 eV in width, centered at 75 eV--
the transitions of atoms in the field of the solid. 
(d) All features above 95 eV are explained as due to doubly 
ionized states. 
11 
8 8 
~+·~-----e~.~----~'e_.~----~'·-·~----~32_.~o~~--~·o_.~----~·e~~~--~M~~~--~~·-·ro~--~'~~.oo~--~~~.oo-----~~.c-~----+~~~o 
8 
0 ... 
1 90KV AR• ON MG 
RUN 81282.2 
8 
0 
"' 
8 
ci 
"' 
~ g 
0o;+.oo~---&~~~--~,6-.~----~,.-.oo----~~-.oo----~.o-.oo----~.s-.oo----~Mr-.oo----~~r.oo----~,'2.oo-----~~.o-o----~~.-oo~--+9&%o 
ENERGY (EV) 
Fig. 5. Integral Auger spectrum induced by 190 keV Ar+ impact on Mg (data 
points). The lower line is a simulated L23VV spectrum consisting 
of an electron induced spectrum with an adjusted background. The 
upper line is a simulated ion induced spectrum composed of the 
following three components. 
(a) The L23VV spectrum--the transitions in the matrix. 
(b) Three Gaussian lines at positions predicted for decay of 
2p5 3s2 3pl excited states of Mg--the transitions of free atoms. 
(c) All features above 45 eV are explained as due to doubly 
ionized states. 
Note that the subsidiary broad peak mentioned in the captions to 
Figs. 3 and.4 is not required here. Apparently the long lived Mg 
excited atoms decay predominantly in free.space. 
12 
of these lines as due to atoms. We have shm.m from the integral spectrum 
that the change with compound occurs only in the underlying L23VV sp.ectrum 
whfch does, of course, involve the valence band 'and should vary with chemical 
compound. The line spectra are not altered in shape. We have also studied 
in detail Hittmaack' sl3 identification of the line spectra in Si and con--
cluded that many of the identifications are faulty. This again arises from 
the use of derivative spectra. The problem is compounded by the use of 
incorrect energies for some of the states. 
Experimental work on this subject has now been brought to a conclusion. 
We have considerable quantitative data for Na, Mg, Al and Si. targets bom-
barded by Ne+ and Ar+ at a variety of energies and angles. Fitting routines 
have been developed to strip out the various contributing spectral features. 
Some further analysis is necessary as the material is written up as a Ph.D. 
thesis. 
Further detailed pursuit of this problem would require a theoretical 
analysis of Auger decay occurring close to a surface; this is a subject 
where we have no local theoretical capability. We therefore do not propose 
further work on the problem of ion induced spectra at this time. 
A brief publication on this subject is inc.luded as Appendix VI. 
(v) Summary 
The project has proceeded gener.:tlly as expected. Our work on formation 
of radicals by ion implantation is complete and published. Studies of 
rotational state populations have suggested the applicability of the hindered 
rotor model to description of a molecule on a surface. The work on rotational 
states is of high interest and we plan to continue it. Our studies of Auger 
spectra have cleared up many inconsistencies in the literature and is being 
evaluated prior to final publication; no further work on Auger spectra is 
proposed. 
13 
K. vlittmaack, Surf. Sci. ~. 69 (1979). 
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APPENDIX I 
Formation of eN- radicals by sequential implantation of carbon and 
nitrogen ions into KCI 
W. A. Metz and E. W. Thomas 
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 3031'2 
(Received 14 December 1981; accepted for publication 4 February 1982) 
It is shown that the sequential implantation of 20-200 keY e + and N + ions into a Kel crystal 
gives rise to formation of the CN- molecular configuration. Detection of the eN- is by the 
characteristic luminescence spectrum induced when He+ ions are incident on the implanted 
target, a technique which represents a direct in situ determination of their presence. It is shown 
how the ion-induced optical emission may be used to provide a routine relative measurement of 
the quantity of eN- present. We describe a phenomenological model of the formation process 
which leads to the conclusion that each incoming ion searches a volume of the target 
approximately 3.4 X 10-: 1 em-' in extent and has a unit probability of combining with an atom of 
the other species lying in this region. This model explains why saturation of the eN- density 
occurs at aN+ dose independent of the quantity ore+ implanted previously. 
PAeS numbers: 61.70.Tm 
I. INTRODUCTION 
The purpose of this work was to study formation of 
eN'- radicals by the sequential ion implantation of the con-
stituent C and N into alkaii halide crystals. The eN- ,so 
formed was detected by the opticaJ emission of characteristic 
eN- bands when the implanted target is subject to bom-
bardment by a beam of energetic light ions, specifical}y 100 
ke V He+. Thus the molecular configuration formed by im-
plantation is detected while located in the bulk of the crystal 
lattice. There are numerous previous studies of molecules 
ejected out of solids by the impact of energetic beams, in-
cluding observations of complexes formed by implanted and 
substrate particles as well as molecules of the substrate irself. 
In such cases, however, the molecular complex is detected 
after it has left the surface and it is not clear whether the 
complex existed before it was sputtered or was formed dur-
ing ejection as a consequence of the sputtering process itself. 
The present work is unique in that the molecule formed, the 
eN- radical, is detected while it is still located in the bulk of 
the target matrix. 
Numerous fundamental studies have been made of the 
eN- radical introduced chemically into an alkali halide ma-
trix. At temperatures below 78 OK the eN- occupies an 
equilibrium orientation along the ( 100) direction of the 
crystal latticel.1 ; above 78 oK it is free to rotate about its 
lattice site. Broadening of the emission bands is ascribed to 
the influence of phonons. As temperature is reduced, 
linewidth decreases becoming comparable, at liquid nitro-
gen temperatures, to that of the free radical. Phonon fre-
quencies are small compared with the relevant molecular 
frequencies so there is little coupling and phonon potenti:-ds 
may be well approximated by parabolic curves. As a result 
line broadening is uniform. 1•1 
This study was largely motivated by the previous work 
of Bazhin et a/.' where various gases cont<1ining N and C 
atoms were mhorbcd onto the surface of alkali halide crys-
tals and then bombarded with He' or H · ions giving rise to 
emission of a vibrational band system that wa~ identified as 
theD 2llr--+X 2'i} band system ofCN- with transitions from 
the v = 0 upper vibrational state to v = 6 to 11 vibrational 
levels in the lower electronic state. The emission spectrum 
was identical to that observed under electron and ion-in-
duced fluorescence of alkali halide crystals doped with eN 
and identical to that observed previously by Von der Heyden 
et a/. 4 .in the U- Vinduced fluorescence of alkali halide crys-
tals doped with eN. Moreover some of the observed lines 
correspond to fragments of a eN- spectrum identifi<!d by 
Douglas and Routly5 in the gas discharge spectrum of CN. 
The present work ditTers conceptually from that ofBazhin et 
aU in that here we implant the molecular constituents and 
Bazhin et a/. adsorb the constituents on the surface. The 
spectra are, however, identical in the two cases and we may 
coniidently rely on the conclusion of Bazhin eta/. 3 ~hat the 
spectrum is indeed that of eN-. Bazhin eta/. also concluded 
that excitation of the eN- radical occurs by recombination 
of an exciton at the eN- site and that these excitons are 
created by the incoming projectile beam used to induce emis-
sion of the bands. This conclusion was based on the observed 
behavior of emission intensity with target temperature 
which mirrored the expected behavior of exciton mobility 
and density. Important confirming evidencc3 was the obser-
vation that the characteristic eN-· emission was not pro-
duced in NaBr for which the band gap (and hence exciton 
energy) is 6. 71 eV and inadequate to excite the obse_rved 
eN- state for which the excitation energy is 7.0 eV. In the 
present work the emission exhibits the same characteristics 
so we again rely on the conclusions of Bazhin eta/ . .I that the 
observed emission is due to excitons created by an incoming 
ion beam. In summary, then, we shall utilize the work of 
Bazhin et a/. 1 and Von der Heyden et a/. 4 to identify the 
emission bands as due to eN- and rely on the work of Baz-
hin eta/. 3 to establish that excitation under ion beam impact 
is due to the excitons created by the ion beam itself. 
The pre.~ent studies involve two distinct parts. rn gener-
al, we commence by implanting int-o a KCl crystal both e ,_ 
and N ... ion:>, the order of implantation is immaterial. We 
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believe the evidence indicates that the CN- radicals are 
formed directly as a result of this implantation. Subsequent-
ly, we bombard the target with a light ion b~·~:m, gencraily 
He+, and observe emis~ion of an optical hind spectrum 
characteristic of CN ~. In order to quantitatively relate the 
observed emission intensity to the density of CN - and to 
explore thereby the formation of the CN- radical, we must 
first have some clear understanding of the excitation mecha-
nism induced by the l-Ie+ ions. Thus the present report in-
cludes both a detailed discussion of the excitation pmcess as 
well as a discussion of the formation of the CN ~ radical. 
II. EXPERIMENTAL APPROACH 
The source of the ions for both implantation and excita-
tion was a type 200 MPR ion implanter by Accelerators, Inc. 
It has a useful energy range of 20-200 keV, uses a hot cath-
ode source capable of producing ions of any species, and is 
provided with conventional mass analysis and collimation 
facilities to ensure a well-defined ion beam incident on the 
surface. Ion beam current can be monitored on a Faraday 
cup placed behind the last defining aperture before the beam 
is incident on the target. The experimental system is shown 
schematically in Fig. 1, and is based on a smc:ll chamber 
placed at the end of the beam line. The chamber has a stan-
dard manipulator for holding targets and is ion pumped to a 
base pressure of 10~ 10 Torr before the ion beam is intro-
duced. Differentially pumped beam line sections isolate the 
experimental system from the relatively poor vacuum of the 
accelerator. 
The target was viewed through a sapphire window at an 
angle of 90° to the incoming beam. A Jarrel Ash 0.5 meter 
scanning monochromator \vith photomultiplier detection 
was used for detection and analysis of the optical emission 
from the target. The optical spectrum was recorded by scan-
ning the monochromator and either disphtying the photo-
multiplier output on a pen recorder or else on a multichannel 
scaler. The latter recording system is generally employed 
since it permits digital information that can be readily ana-
ION SOURCE 
~ MASS SPECTROMETER FARADAY CUP 
''y\ I I ~ t TARGET 7 
~----) ~--~,r 
COLLIMATI~ '~ 
APERTURES SAPPHIRE WINDOW/ I 
~-+-------.., 
I 
MON0CHROMATOR 
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lyzed by a computer. The monochromator has a resolution 
of 16 A/mm and was generally employed with a resolution 
of 48 A lo maxi;nize signal levels. Improved rc~,olut1on w 2 
A causes no change to the relative intensity of spectral fea-
tures that we are recording here. 
The \VOrk reported her~ was confined to KCl crystals, 
although brief studies were made with NaCI and exhibited 
similar results. The crystals were optical quality materials 
freshly cleaved to expose the (100) face before imertion in the 
vacuum system. Before use they were heated to 250 "C and 
then bombarded with He~- ions to confirm that there was no 
measurable signal from eN-- radicals before commence-
ment of measurements. Sputter cleaning with Ar+ was 
shown not to intluence the observations and was not normal-
ly employed. 
Implantation of the c+ and N+ ions was with beam 
densities of the order 1-50 1-1A/cm2 and the beam was ras-
tered over the 5-mm entrance aperture of the chamber to 
ensure a uniform implant. The analyzir.g He+ beam used to 
induce emission was collimated to a 1.5-mm diameter to en-
sure that the observed emission was from the center of the 
implant and not influenced by irregularities at the edge of the 
implanted region. The targets were always placed with their 
normal at 60° to the incoming beam and the optical observa-
tions made at an angle of 90° to the incoming beam. When 
probing with a He+ beam a projectile energy of 100 keV was 
employed. Minor changes to incidence angle disclosed no 
substantial changes of emission intensity, confirming that 
the projectiles were not incident in a channeling direction. 
Reference to standard tables6 •7 confirms that the range of the 
probing He·· beams substantially exceeds the depth distri-
bution of the implanted c+ and N+. All implantation and 
analysis with He+ beams was performed at room tempera-
ture (20 °C}. 
Figure 2 shows a typical observed spectrum induced by 
impact of He+ on a crystal that has been previously implant-
ed with c+ and N+. In all significant respects the relative 
line intensities and line positions of the structures between 
2300 and 3400 A are the same as those recorded by Bazhin et 
aU and by von der Heyden et a/.4 and ascribed by both 
groups of authors to the emission from excited CN~ radi-
cals. The relative magnitudes of line intensities were inde-
pendent of the conditions used for formation and for excita-
tion; moreover, they show no change as spectral resolution is 
2500 _.___._30t-=-o~--:3::-.:so"=o"--'--'4700:-l:oo='--' 
WAVELENGTH A C1<l 
FIG. 2. Typic·al CN emission band spectrum induced by <' 1-~Jt\ 1()0 
keV He' ion beam irKident of a KCI crystal I hat has a prelinoi11ary 
dose of 6.3 x to'·' inm em 1 nf 80 kcV C 1 and 6.3 X 10'' ions em ' ';f 
80 kcV N 1 • 
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aftered from 48 to 2 A. Thus in order to monitor emtssion 
intensity from CN ~- on a relative basis as a function of exci-
tation or of formation conditions, it is sufficiet~t to record 
only the magnitude of one peak rather than integrating the 
whole spectrum. In practice we used a record of the 27 30 A 
peak for this purpose. 
The intensity of the emission bands was a function of 
the nitrogen and carbon implant doses and of thetr energy. 
This is an observation that will be discussed later. The inten-
sity was not a function of the time delay between implanting 
C and N, not a function of the time delay before analyzing 
with the He+ beam, and was not influenced by cycling the 
target temperature between room temperature and 250 °C. 
Thus, there is no evidence that the C and N migrate from 
their implanted position over long time r-eriods. The intensi-
ty of the CN- bands was a function of the analyzing He+ 
beam current, a feature that must be understood if the emis-
sion intensity is to be related to the density of CN. The signal 
was not, however, related to the time for which the crystal 
was exposed to the analyzing beam (i.e., not related to He+ 
dose). Radiation damage caused by bombardment with the 
probing beam does not, therefore, appear to influence the 
density of CN-. 
·Observation of the CN- bands is not peculiar to a He+ 
probing beam. Similar spectra are seen under bombardment 
by H +,by Ar+ and other heavy ions, as well as under bom-
bardment by electrons. For the present studies we wish to 
employ a probing beam that has a range greater than the 
implant depth and that will exhibit no chemical reaction 
with any of the other species present. For these reasons we 
chose to utilize He+. 
For completeness we also note that the crystals used 
here exhibited negligible absorption in the spectral region 
studied, even after the implantation and analysis procedures. 
Therefore the spectral structures shown in Fig. 2 and the 
changes of intensity to be discussed later are in no way relat-
ed to alterations of the absorption coefficients of the crystal. 
Ill. IDENTIFICATION OF THE SPECTRUM 
In all essential respects the typical spectrum presented 
in Fig. 2 is identical to that presented by Bazhin et a/., 3 and 
by Von der Heyden et ai.,4 with the lines being about 0.12 eV 
in width and 0.26 eV in separation. The relative intensities of 
the lines are independent of formation and excitation condi-
tions and identical to those presented by the earlier workers. 
Implantation of other species (oxygen and rare gas ions) did 
not create this spectrum, nor did the implantation of C +- or 
N+ alone. We conclude, therefore, that the emission is in-
deed from CN- and that the radical has been created as a 
result of the implantation of both C + and N + into the 
crystal. 
There is a certain element of confusion regarding the 
precise identification of the levels involved in the<>e transi-
tions. All evidence points to the lower state being the X 1 ~. + 
ground state and that the various lines represent transitiom; 
to various vibrational icvels of this state. The line :-:.epar:ttit'n 
(0.26 eV) is in good agrcemcn~ with the vibratic>nal icvcl 
spacing in tht! ground state given by Herzbcrgx (0.256 cV). 
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There is, however, confusion as to whether the excited state 
is the u = 0 level of the D ~11 1 state or the v = 0 level of the 
a'll stale. Bazhin ct a/.' poinl out that the intense lines have 
the same wavelength as those observed in gas phase dis-
charges by Douglas and Routly~ and ascribed by them to the 
transitions from the D 11/1 level. By contrast Von der Heyden 
et a!.~ perform some primitive calculations of potential 
curves and conclude that the excited state is the a·'// state. 
Recently Ha and Zumofen'~ have performed detailed calcu-
lations of energy levels and predict similar energies for the 
a3!/ st:tte. However, the calculations of Ha and Zumofen 
also include predictions of Franck Condon factors which 
show that the u = 0 to v = 0 transition should be the most 
intense with the intensity decreasing as one goes to higher 
vibrational energies of the ground state; this is clearly not in 
accord with the observations. We prefer to continue to as-
cribe the emission to the D 11/1 excited state. In fact, identifi-
cation of the level has little impact on the work that follows. 
There is no doubt that the source of emission is the CN-
radical and that it has been created as a result of the sequen-
tial implantation ofc+ and N+. 
IV. MECHANISM FOR EXCITATION OF eN-
In order to interpret the emission intensities in terms of 
eN- densities one must first understand the mechanism by 
which the radical is excited. Figure 3 shows the eN- emis-
sion intensity as a function of He+ ion beam current density 
and clearly there is a saturation effect characteristic of two 
competing processes coming into equilibrium. We propose 
that there are three states involved in the process of excita-
tion and decay. There are radicals in the initial ground state 
with a density" I'"~N, radicals in the excited state with a den-
sity ./Y'~N and radicals in the daughter level to which radia-
tive decay takes place (in fact the vibrationally excited level 
of the ground state) with a density A,..{;N. It is observed that 
the optical signal is independent of He+ dose implying that 
the CN- is formed by the implantation and not by the detec-
tion technique so that the total eN- density is constant at a 
value JY'~N allowing us to write 
~ 
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FIG. 3. intensity at 2730 A as a function of probing 100 keY He• 
beum current density. The two samples are implanted with a prelimi-
nary dose of!()() kcV C' at 5.5 X 10 14 ions ern '. Doth samples have a 
preliminary 1,;' dose of 7 X 10'' intis em 2; the square data points at 
100 k~V and tile circular data points at 5,0 keY. 
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. y~N = . F![N + . J ·~N + . I {N . (I) 
Let us first consider the density of excit.:ms that are 
responsible for cxcital ion oft he CN from t lw t:rnu nd ~tate. 
Since the observed emission intensity is invari:~nt with time 
the exciton density must be constant with the rate of exciton 
formation equal to the rate of lo~s. We can write the follow-
ing phenomenological equation: 
(2) 
The left hand side represents formation at a rate proportion-
al to the incident beam current density, / 11 (ions em- ~sec-
1 
), 
the number density of sites at which excitons may be created 
.'V. (cm- 1), and a constant of proportionality a (em~) being 
the cross section for exciton production. The term on the 
right represents exciton loss being proportional to the local 
number density of excitons Nc, (em -.1), to the density ofloss 
sites ,/Y, (em - 1), and with a constant or proportionality S, 
having the form of the product of loss cross section and ve-
locity with which the excitons drift through the crystal. 
From this expression one can derive the density of excitons. 
N .. = IB a.A/. j,A/s s,. (3) 
As a first approximation we would argue that this expression 
may be taken as independent of penetration depth in the 
region of the CN- formed by implantation. The rate of for-
mation will depend on the projectiie energy and this will, of 
course, vary with depth of penetration. However, the range 
of the implanted C and N is of the order 2000 A for the 
energies used here7 and is some ten times shorter than the 
range of the 100 ke V probing He+ beam. 6 The energy loss by 
the projectiles in traversing the implanted region is"' only 
some 12.5 ke V, leading us to believe that the rnte of exciton 
production is approximately independent of depth in there-
gion of interest. The loss terms will be influenced by damage 
caused by the implantation of C and N but since their densi-
ties are less than 1% of the substrate, we would argue that 
the loss processes are largely intrinsic functions of the target 
and therefore also not functions of depth. With these two 
approximations we will assume as a first approximation that 
the density of excitons given by Eq.D/is invariant with depth 
over the range implanted with C and with N. · 
Now returning to the excitation process the ground 
state population in equilibrium i~ related to the expression 
N., A'l:N SeN = JV{;N A fg. (4) 
The term on the left is the rate of excitation out of the ground 
state by exciton recombination and is proportional to the 
density of electrons, and to the density of ground state radi-
cals, A·1:N; the factor SeN is a constant of proportionality 
that has the function of the product of cross section and 
velocity of exciton drift through the crystal. The term on the 
right is the rate of repopulation by decay from the daughter 
state,/, back to the ground state. The nature of this process is 
unknown but will obviously be proportional to the density of 
atoms in the excited daughter state/ The quantity AiJ-se~- 1 
is the transition probability for the decay. 
The population of the excited state is obtained from the 
following equation which equates the rate of formation by 
the term obtained from the left hand side ofEq.(4)to the rate 
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of loss from the state by normal radiative decay with a rate 
.{if sec -I. 
V I ., " ' ., 
i ..:\ L'~ Jt.'N =---==' I ('I'\! .A 1./' (5) 
The 1wpu!ation oft he daughter state is governed by the 
radiative decay from the excited state, shown on the right 
hand side of Eq.(S)which is equal, at equilibrium conditions, 
to the rate of Joss of that level by the decay process from the 
state/to the ground state g which has already appeared as 
the right hand side of Eq.(4). 
• J -~-N A,f =. I {N Af>:. (6) 
Combining the above equations one can arrive at the density 
of the ground, excited, and daughter levels. 
The rate of photon emission. J "·,, photons em- .l sec- 1, 
the physically observed quantity, is equal to the product of 
the excited state density. V~N and the probability for a ra-
diative transition from i tof, A;r· 
,. /'i "'V~N . r " = L r eN A 1 = (7) 
. ' 1/Ne, SeN + l/A,1 + l/A1g 
Combining Eq.(3)with Eq.(7)the functional dependence of the 
emission intensity on beam current and densitY of eN-- is 
given by . 
,,')/" = AA1N In 
v BIB+ c (8) 
where A, B, and Care parameters associated with exciton 
formation and loss as well as transitions probabilities, all of 
which should presumably be constant. In principle, one 
should now integrate this equation over the full region occu-
pied by CN to get a total emission intensity, and allow for 
detection sensitivity, to arrive at a prediction of the mea-
sured photon signal. Clearly with the assumptions already 
made concerning the constancy of Ne, with depth the result 
of such an integral is of the same functional form as Eq.(8). 
Equation(8)has a number of important consequences. 
First we now have a representation of the signal strength in 
terms of beam current density that may be compared with 
data such as that in Fig. 3. In Fig. 4 we replot those data in 
the form of 18 /A/v against In· Equation(8)predicts that this 
should be a straight line and indeed this is the form taken by 
the data. Equation(8)also predicts that the signal observed for 
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FIG. 4. Data of Fig. 3 rcplotlcd in the form of beam current ..;- mten- · 
sity against beam current dell';ity to illustrate agreement with Eq. (8). 
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a given beam current den~;ity should be linearly proportional 
to the total quantity ofCN present. We prepared a number of 
sample~ with C and N irnpbnted at the '-am~~ cnt-r:.v and in 
the same ratiP hut to different absolute doses. The observed 
signals were indeed prop\)rt.ional to the ahso: L;tc dose. Equa-
tion(8)also suggests that the most suitable circumstances for 
probing the total CN- density,. I -~~N, is to use a large beam 
current density where the signal is independent oflu; that is 
essentially the saturation region shown in Fig. 3. Such satu-
ration conditions were adopted for all the subsequent 
measurements. 
It is possible to utilize the saturation behavior shown in 
Fig. 3 and predicted in Eq.(S)to make some useful statements 
concerning the transition probabilities A ,1 and A fg. Examina-
tion of Eq. (7) shows that at high beam current densities, 
where Ne, becomes sufficiently large the observed signal 
saturates to the following value 
~-1'~ (sat)= JV'' (A - 1 +A - 1)-1 
v CN if fg • (9) 
If we integrate Eq.(9)over the complete depth occupied by the 
implanted C and implanted N we have the result that the 
total amount of CN, divided by the total emission of pho-
tons, is equal to A ij 1 +A ji 1• We can make a very rough 
estimate of the quantities involved here. For a carbon im-
plant density of 2 X 10 15 C atoms em - 2 the number of C 
atoms in the 1.5-mm-diam region accessed by the He+ beam 
is 3.5 X 1C 13 ; this must represent an upper limit on the 
amount of CN subject to excitation. The signal, integrated 
over all of the spectrum, corrected for the limited detection 
sensitivity and for the spectrometer solid angle, represents a 
total photonemission of about 10 14 sec- 1• Thus the ratio of 
total CN present to total photonemission is 0.35 and accord-
ing to Eq.(9)this is equal to A if 1 +A 1; 
1
• Now the transition 
i tofis a normal radiative decay and must therefore exhibit a 
lifetime of about 10- 7 sec; this is an insignificant contribu-
tion to the denominator of Eq.(9l Clearly then A li! 1 must be 
of the order 0.35 sec implying a lifetime for decay fromfto g 
of this magnitude. We note that transitions between vibra-
tional levels in isolated molecules are expected to exhibit 
lifetimes 10 of the order 10- 2 sec so this present very rough 
estimate is not unreasonable. In view of the qualitative na-
ture of the model it would be quite misleading to propose the 
result we have obtained here as a measurement of the life-
time against decay from/to g. It is, however, apparent that 
the long lifetime for depopulation of the daughter f state is 
the reason for the saturation behavior in Fig. 3. 
At this stage one might be tempted to perform detailed 
analyses of the data showing how intensity varies with ion 
beam current in an attempt to determine information con-
cerning the details of the excitation and loss processes. We 
would regard this as quite hazardous since the equations 
describing the emission are at best phenomenological and 
may be incomplete in details. The sole purpose of our di>.cus-
sion here is io establish that the photonemission induced by 
ion impact can indeed be utilized as a measure of the total 
CN - density so that we may proceed further with the analy-
sis of how the radical is formed. · 
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V. THE MECHANISM OF eN- FORMATION 
The above discussion has shown how the.ion-induced 
em is~ ion of CN band~ may be used as a monitor of CN --
density formed by implantation ofC and ofN. We now ad-
dress the prol1km of modelling the process whereby the CN 
is forrr.cd by studying the relationship of the CN- density to 
the implamecl dose of C and of N, and to the energies of 
impbnta!ion. 
A direct experiment to measure eN- formation as a 
function of dose would commence with an implantation of 
c+ followed by a series ofN+ implantations alternated with 
monitoring of the CN- density by helium ion-induced 
emisison. This alternation of implanting N+ beam and prob-
ing He+ beam is inconvenient and time consuming. An al-
ternative giving essentially the same information is to utilize 
eN- emission induced while the N+ ions are implanting 
into the target'. These bands are identical to those excited by 
He+ and presumably arise from generally similar mecha-
nisms. We tzke the target with the preliminary c+ implanta-
tion, then bombard continuously with N+ and follow the 
buildup ofCN- by the emission of the eN- bands induced 
by theN+ as it is implanted. Such a data set is shown in Fig. 
5 for two different preliminary doses of c+. It is apparent 
that· there is no signal from eN- when theN+ bombard-
ment is commenced and that the signal increases in a gener-
ally exponential fashion towards a saturation value that oc-
curs at a N+ dose of about 5X 10 15 N+ ions cm- 2• 
Comparing the two sets of observations on Fig. 5 and numer-
ous similar observations that are not displayed here, one is 
led to the conclusion that the dose ofN+ required to saturate 
the eN- signal is independent of the preliminary c+ dose 
implanted. When using N+ both as the probe and implant 
simultaneously the range of the particle is the same as the 
depth·one is attempting to probe and there is no reason at all 
for assuming that the number density of excitons, and hence 
the efficiency for excitation of the CN-, is the same for the 
whole depth being probed. Thus the data shown in this figure 
cannot be related to CN- density in the same detailed man-
ner as we have claimed for He.,. -induced emissions. Never-
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FIG. 5. lnten~ity at 2730 A as a function of N' implant dose induced 
by the implanting 115 keV N' beam. The upper curve is for a KCI 
sample with a preliminary 20X 10"' ions ern 'dose of 100 kcV C'. 
The lower curv<' is for a sample with a !.OX 10"' ions em 'dose of 
100 kcV C'. 
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the less, the data of Fig. 5 are a valuable-qualitative indication 
of how the emission intensity, and hence eN-- density, 
builds up with dose. 
As a second test we implanted a series of crystals with 
C 1 to a ftxcd dose of 2 >< IOi' ions em 2 at an energy of 80 
keV, followed by implantation of N+ to the same dose but 
with different energies for each sample. The <:mounts of 
eN-- formed were monitored by probing with the He+ 
beam. The results are shown in Fig. 6 which gives emission 
intensity, and hence eN- density, as a function of the N + 
implant energy. We note that the maximum CN -- density 
occurs for aN+ implant energy of about 80--120 ke V. This is 
essentially the energy region at which aN+ tmp!ant has the 
same range as the preliminary 80 keV e+ impiam. 
Let us consider the formation of eN- in a some volume 
element L1 V. Bcfon: N+ bombardment is commenced this 
volume has a local number density of carbon. V'c(O). After 
bombardment with N+ with a fixed beam current density ! 8 
for a timet an amount of the carbon has combined with the 
nitrogen to form eN- so that the density of free carbon (i.e., 
carbon not combined with nitrogen) has a number density 
.A~'c(t) = .. -V'c(O) -A~'eN(t) where ,iVeN(t) is the number 
density of eN at the time t. The incident beam of current 
density / 8 (ions cm-
2 sec-') deposits into the volumeLl Va 
number of ions I 8 IN (x) .1 V per unit time. Here/" (x) repre-
sents the depth distribution for the implanted species and 
can be written7 in the following Gaussian fcrm 
j,.(x) = .1R,.(~tr)'/2 exp- ~ c ;;R:N y (10) 
HereR,. is the range of theN+ ion andLlRv is the half width 
at half-maximum of the range distribution; both these fac-
tors can be obtained from the standard calculations of Dear-
naley et af.1 If we now simply assume that the number of 
eN- radicals formed per unit time in volume .1 Vis propor-
tional to the ;;umber ofN+ ions entering the volume and to 
the number of density of free e atoms already present in the 
volume then the rate of eN- formation can be written as 
k [18 /,.(x)Ll V ]JV c(t ), where k is a constant of proportion-
I 5 o~~~~~~~~~~~~~~~ 
0 50 100 t50 200 
N+ ENERGY (keV) 
FIG. 6. Intensity of the CN bands as a function nf N • implant en.:r-
gy. The emissiotl is induced by 100 keY He 1 • The targets have a pre-
liminary implanwtion of 80 keY C 1 to a dose <lf 6.J X 10 11 ern :_ The 
N 1 was implanted to a do''" of 6 .. ~ X 10 11 ion~ em ' at the indicated 
energies. The data points arc cxperimenta~ values and the line ts a 
computed value from Eq. (14), normalized to experum•nt at HO keY. 
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ality. Normalizing to unit volume and substiLltting the value 
of. rdt i we may write 
d.;~,...(!) . . . 
--~-- = kl11 /,... (xll[. I c(O) -. ;·eN(!)]. (II) 
{j[ 
This expres~;icm gives the rate of change of CN - number 
density wiril time and can be integrated with the boundary 
condition that no eN- is prt~sent when bombardment com-
mences (i.e., at t = 0) to arrive at 
.. FeN(t) =. FciO)[l- exp- ki8 /N(x)t]. (12) 
The local concentration ofe before N+ bombardment com-
mences,. f"c(O) ions em -.1. is a function of depth and can be 
written De fe (x), where De is the preliminary dose of carbon 
(ions em -~ 2 ) and fc(x) is the depth distribution function of 
carbon which will have the same form as Eq.(!Ojbut with the 
ranges for cart;>on7 substituted. To find the total amount of 
eN- present in the sample we should, in principle, now 
integrate over the complete 'volume occupied bye and N as 
follows: 
Total eN= ( JVcN(t )Ll V 
Jvolume 
=De A ( fc(c)[I -exp-k/8 /N(x)t]dx, 
J.depth 
(13) 
where in the last equation we have performed the trivial inte-
gration over beam area A. 
For low doses ofN+ (i.e., for low l 9 t) we may replace 
the exponential by a series and retaining only the first signifi-
cant term arrive at 
Total eN= De Ak/8 t ( j~(x)f,.(x) dx. (14) 
Jdcptt• 
Thus the total amount of eN rises linearly with time and is 
proportional to the integral of the overlap between e and N 
depth distributions. 
Let us now examine the data in the light of the above 
formulations. Figure 6 shows the relative variation of eN-
signals for different energy N+ implanted into targets which 
have a preliminary fixed dose of e+ at an energy of 80 keV; 
doses ofe and ofN are equal. According to Eq.(14)the eN-
signal should vary only as the overlap integral. This integral 
has been evaluated according to the prescription of Dearna-
ley eta!. 7 and is shown in Fig. 6 normalized to the data at an 
energy of 80 keV. There is good agreement between theory 
and experiment. We believe that this agreement confirms the 
basic suggestion that e and N do not significantly migrate 
after implantation and that the formation of eN- is simply 
proportional to the local density of a e and of N in the im-
plant distributions. 
The general form of Eq.(12Jis also quite consistent with 
the exponential buildup of eN- signal illustrated in Fig. 5. 
We recall, however, that this particular set of data represents 
CN- excited by theN+ beam during implantation and we 
make no claim concerning the detailed relationship of this 
signal !o eN-- density. One interesting and unambiguous 
observation from Fig. 5 is that saturation of CN- density 
occurs at a dose of about 2X 10'~ ions em :! independent of 
the density ofCN in the target. This low dose for saturation 
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is a surprising result. The preliminary carbon implantation 
presum:ibly is distributed on various latti~e sites throughout 
the ctrhon range in the crystal. One might h:wc cxpccted 
that to reach saturation of CN density one would need to 
implant one N • ion onto every lattice site in the nitrogen 
range to ensure that every ~arbon atom has re~eived an op-
portunity to combine and form eN -. The data of Fig. 5 
show clearly that saturation o~curs at a dose tvvo orders of 
magnitude lower. Thus apparently eN- is not formed only 
when one N" ion arrives on a site already occupied by car-
bon, but the nitrogen ion combines with cart>on lying in 
some region more extensive than a single latt;ce site. One 
may understand this by re-evaluation of thl! meaning of the 
constant of proportionality k introduced in Eq. (Ill Let us 
suppose that when aN+ ion comes to rest it has unit prob-
ability of combining to make eN- if a carbon atom lies with-
in a volume ..1 V' about the point where it comes to rest. Our 
evaluation of the rate of eN- formation was developed by 
considering In IN (x).1 V ions entering a volume ..1 V contain-
ing a e atom density .'Vc(t). Now each of the IniN(x)Ll V 
incoming ions will combine with any e atom lying in a vol-
ume.1 V' about the point where it comes to rest. Thus the rate 
at which eN- is formed in the volume ..1 V will be 
18 IN (x).1 V.1 V',/Vc(t) and the rate of increase of eN- den-
sity obtained by normalizing to unit volume as before giving 
d.¥cN(t) ' /' 
---=.1V IBIN(41 c(t). 
dt 
(15) 
Comparing this with Eq.Ullwe see that k has the phenome-
nological interpretation of being the volume searched by 
each incoming N+ ion in its quest to find a free e atom for 
recombination. Thus the number ofN+ ions required to be 
incident in order for all available implanted e to be com-
bined is a function only of the volume occupied by C atoms 
and is in no way related to the number of e atoms present. 
This is exactly what Fig. 5 demonstrates with the dose ofN+ 
required !O saturate the production of eN- being indepen-
dent of how much e was present in the target. We can pro-
ceed one step further and evaluate an estimate of ..1 V '. Let us 
assume for the sake of simplicity that the implanted N is 
distributed over a distance 2.1RP, where .1RP is the half 
width at half-maximum of the true range depth distribution 
and can be obtained from the tables ofDearnaley. 7 Thusl(x) 
= (7 ... .1Rp)- 1• Evaluation ofEq.(l3)is now trivial and it indi-
cates that the eN- density will reach 2/3 of its saturation 
value when k! H t (2.1RP)- 1 = l. Figure 5 shows saturation 
to occur at a dose(/ 8 t) of 2 X 10
15 ions em - 2 and Dearna-
ley's tables suggest that .1R, is approximately l.7X 10- 5 
em. Thus we would estimate k, which is the same as the 
volume ..1 V' probed by each incoming N+ ion, to be 
3.4X 10- 21 cm3 or a spherical volume of radius 15 A. This 
represents a distance of some four lattice spacings in Kel. 
We note in passing unpublished molecular dynamics 
calculations by Landman 11 of behavior in a crystal when a 
single atom is replaced by one with a different potential. rhe 
result of the change is a temporarily disordered region hav-
ing the characteristics oflocalized melting and being of some 
four to Eve lattice spacings in ex!ent. After a period of 
10- 12-10 ··· 11 s ,recrystallization occurs. We could apply this 
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picture to our present situation arguing that when aN+ ion 
comes to rest, it creates a disordered region having a volume 
of ahout 3.4 '< I 0- 21 em-'. or four lattice spacings in radius, 
where the constituent particles arc highly mobile. Ifacarhon 
:1tom lies. \\ithin this region there is a unit probability of 
recombination 'to form eN . After some 10- 12-10 · us the 
region recrystallizes and the eN radical falls into a ~ation 
lattice position. The present d:.tta are consistent with such a 
picture but in no way confirms any details of the process 
involved. 
VI. SUMMAHV 
We have demonstrated that separate implantation of 
e+ and N+ ions into a Kel target results in the formation of 
eN- radicals. The density of eN- is simply proportional to 
the overlap of thee+ and N+ implant depth distributions. 
This represents the first direct demonstration that molecules 
may be formed by implantation of their constituent parts. It 
is significant that when implanting N+ into a crystal con-
taining a preliminary dose of e + the amount of eN- formed 
saturates at aN+ dose independent of the amount of e+ in 
the crystal. This can be broadly interpreted as indicating that 
each incoming N + ion searches a specific volume of the crys-
tal arid combines wjth any carbon atoms located therein; 
saturation occurs when the complete implant region has 
been searched. This requires aN+ dose independent of the 
total amount ore+ present and two orders of magnitude less 
than the dose which would implant one N+ ion on each 
lattice site. The effective volume searched by each N+ ion is 
about 3.4 X 10- 21 cm3 and therefore is about four lattice sites 
in radius. 
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FORMATION OF CN- RADICALS BY ION IMPLANTATION 
W.A. METZ and E.W. THOMAS 
Georgia lnstitllle of Technology. Atlanta, Ga. 31!33-'. US.A. 
Sequential implantation of C + and N • ions into KCI is shown to rc•stllt in formation of CN radicals. Detection ,,f the CN is 
by the characteristic optical emission of that molecule when the imp.larned crvstal is homhitrckd hv lie 1 • The quantity of C:-J-
formed has hecn studied as a function qf cncrgv of the implanted species (20 to 200 keY) and as a fum:tion of dose. The results are 
con:-.i,tcnt with a model where an incoming. ion A. slowed to rest. causes a localized melting, region or volume :.1 .. and if a previously 
implanted species H is alreadv present in this volume then the molecule AB is formed hy recornhination. The molecule adopts a cation 
lattice site after reerystallization. The l<>caliz.ed melting volume C<>rn:sponds to a region of radius lJ.3 A which is roughly consistent 
with unpuhlishcd molecular dynamics calculations 
1. Introduction 
We report here the formation of molecules within a 
solid as the result or the separate implantation of the 
molecule's.constituent parts. The molecule in question is 
CN- created by sequential implantation of C and N 
into KCI. 
Some years ago Bazhin et a!. [I] reported that when 
alkali halides exposed to damp air were bombarded 
with 20 keY H 1 or He+ they observed a molecular 
band spectrum that could be identified as due to CN- . 
The spectrum was exactly the same as reported earlier 
by Von der Heyden and Fischer [2] in studies or X-ray 
induced fluorescence of NaBr doped with NaCN. The 
bands were identified as vibrational structure in the 
D 2 n I ~X I~ 4 transition. Bazhin et a!. [I] argued con-
vincingly that excitation of the CN was by recombina-
tion of excitons and these cxcitons were created by the 
impact of the incident H • or He ' beam. However, 
they were unable to explain the nature of the reaction 
whereby CN - was created by ion impact on a crystal 
carrying an adsorbed gas layer. The present work is in 
large measure an extension of that by Bazhin ct a!. 
Following Bazhin et a!. [I] we propose that an He 1 
beam incident on an aikali halide create~ excitons within 
its range and thc~c migrate to recombination sites. If 
recombination occurs where CN - is located th.:n the 
mokcule may be excited and the characteri~tic spectrum 
emitted by its subsequent decay. Thus th.: emission or 
the CN sp.:ctrum is a measure of the CN density 
along the proj.:ctik track. We take crystals of KCl, 
implant C and implant N to a definite docs ,and then 
monitor the amount of CN by the intensity of the 
spectrum induced by He 1 impact. 
23 
2. Experimental 
The target materials were optical purity KCI crystals, 
cleaved to expose the (I 00) face before me, and mounted 
on a conventional target manipulator. The targets were 
placed in a uhv chamber capable of a 10- 10 Torr base 
pressure. A Jarrel-Ash 0.5 m scanning monochromator 
viewed the samples through a sapphire window; detec-
tion was by a cooled photomultiplier serviced by con-
' ventional pulse counting electronics. The optical system 
viewed at 30° to the target normal and at 90° from the 
incident beam direction. 
The ion beams were obtained from a 20 to 200 keY 
ion implanter. For implantation of C and N the beam 
was collimated to 4.8 mm diameter. For studies of the 
CN density so created we use the emission of CN-
molecular b:tnds induced by He ' impact; for this a 1.6 
mm diameter beam is employed so that emission was 
induced from the center of the implanted spot and 
non·-uniformities at the implant edge were avoided. 
In a typical experiment the target was first cleaned 
by heating to 400°C. The target was then bombarded 
with He~ , the optical spectrum recorded and the ab-
sence of CN · emission taken as indicating that no 
CN- is present as a contaminant. The sample is then 
implanted with C and then with N to some preselected 
dose using beam current densities of the order 
6p.Ajcm2• We then return to the He~ beam, record the 
ion induced CN spectrum and utilize the size of a 
vibrational peak (2730 A) as a relative measure of CN 
densities. 
All data were taken with room temperature targets. 
Preliminary annealing to 250°C caused no change to the 
observations. A typical ob~crved spectrum i~ shnwn in 
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Fig. I. Typical CN- ·emission spectrum induced by I 00 keV 
He+ on KCI do;ed with 3X IOL'/cm2 of.IOO keV C 1 and 
1.2XI0 1 ~jcm2 of 150 kcV N+. The most intense peak, at 
2731 A, is identified as the 0-10 vibrational transition in the 
D 2 fl 1 -X
12:+ decay. 
fig. I. The relative intensities of the different features 
are independent of the implant doses and energies of C 
and N as well as independent of the probing He 1 beam 
intensity and energy. Thus we may monitor a single 
peak in the spectrum to provide a relative measure of 
CN- density. 
3. Discussion 
Fig. I shows a typical CN - emtsston spectrum in-
duced by He+ impact; the implant doses are shown in 
the figure caption, the spectrum was excited by 100 keV 
He+. This spectrum is identical to the spectra reported 
for CN- by Bazhin et a!. [I], and identical to that 
reported for CN- by Von der Heyden and Fischer [2]. 
It is identified [ 1.2] as due to a D 2 ri 1 -X 
1 L + transi-
tion in CN- with the various peaks representing 0 ~ v 
transitions where v is 7 to 12. 
In general terms the CN signal increases with 
implant dose, is independent of dose rate, and is inde-
pendent of the order in which C and N is implanted. 
Sputter etching of the crystal gives only a slow decrease 
of CN- signal with surface erosion showing that the 
CN -- is in the bulk and not on the surface. There is no 
doubt that the CN - is formed by recombination of C 
and N as the result of their separate implantations into 
the substrate. 
The implantation of C and N as well as the analysis 
of the CN - density were all performed at room temper-
ature. We did. however, test the effect of heating, the 
sample to 200°C after irnrlantation to Jctcnninc 
whether this might alter the den,ity of CN . No change 
was observed suggesting that thermal diffusion ·of the 
implanted species was hcgligible. 
There arc two major step,. in the further unJer-
standing ;1f the'c experiments. In the first place we must 
under~tand the nwchanism whereby the CN is excited 
so !hat we know how to interpret the signal in terms of 
CN density. ScconJly we must try to undcr~tand how 
!he C'N is formed. 
J.l. Exntation hy 1/c 1 
When the CN emission intensity is studied as a 
function of increasing l-Ie 1 beam current we observe 
first a linear increase, followed eventually by saturation 
at high cuuent. This can be explained on the following 
basis employing three distinct molecular states. There is 
the ground state with a.Jocal numb,,r density Pg (CN 
ions em -3), the excited D 2 II 1 state with local density P, 
and the lower vibrationally excited state to which radia-
tive decay occurs having a local density P,. Under 
helium bombardment the total density of CN- remains 
constant at a value P-,. so that 
p T = p~ + P; + P,. (I) 
We can now" write rate equations describing how the 
density of each state v.aries with time. If we assume 
excitation is by exciton recombination [I] and that the 
number of exci tons is related linearly to beam current 
density / 8 then we can write 
dP;/dt= P8 KJ8 - P,A;f· (2) 
Here the first term represents rate of excitation from the 
ground state and is proportional to both the density of 
ground state molecules and to the beam current density; 
K~ is simply a constant of proportionality related to the 
rate of exciton formation. The second term represents 
spontaneous radiative decay from i to I with the transi-
tion probability A ,1. The rate equation for the vibra-
tional excited state I is related to population by sponta-
neous radiative decay from the higher state i and de--
population to the ground state by some process having, a 
transition probability A fg. 
dP1 jdt = P;A,1 -ljAfg· (3) 
The experimental signals are all invariant with time so 
that equilibrium has been established for the population 
densities. Setting the left hand sides of eqs. (2) and (3) 
to zero, identifying the rate of photon emission N, 
(photons cm- 3 s - 1) as P,A,1• and manipulating cqs. 
(1)-(3) w~ arrive at 
- P-,.KtJn 
N,.- I+ KE1 11 (ljA1g + ijA1,). 
(4) 
At this point we should integrate the photon emission 
rate over the whole range of the lie ' ion allowing for 
the variation of exciton producti(fn rate with depth, and 
arrive at a total photon emi\~ion rate '.1L,,(s 1 ). It is, 
however, clear that :X, is directly proportional tn N, and 
will show the functional rclatiomhip to density <>f CN 
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Pro and beam current. ln. given hy cq. (4). To confirm 
the validity of the model we show in fig. 2 a plot of 
1 11 /~lr.... as a function of In which ~how~ a ~traight line as 
predicted by cq. (4). We have performed detailed analy-
sis of the equation. particul:Jrly the proportionality con-
stant K
0
, placed the data on <tn ahs0lute basis and 
shown that the slope and intercept of fig. I may be 
predicted; these considerations will. however. be rele-
gated to a more extensive forthcoming, publication. One 
interesting result is that depopulation of the state f (to 
which radiative decay occurs) back to the ground state 
must involve a transition rate A/<. of the order l 0 4 s- 1• 
This implies that the lifetimes of the vibrationally ex-
cited ground state systems are of the order 10 4 s. For 
the moment we need only conclude that the emission 
intensity is proportional to the density of CN · pro-
vided a constant beam current densty and only a single 
beam energy arc used. In practice the data to be pre-
sented later were all taken with 100 keV He+ at a 
current density of about 50 p.A cm- 2 which is sufficient 
to cause saturation in eq. (4). 
3.2. Formation of CN --
Whatever may be the details of the recombination 
mechanism we would certainly expect that the density 
of CN- would be directly proponional- to the local 
density of C and to the local density of N. Thus the 
total amount of CN- formed in the crystal should be 
proportional to the convolution of the respective im-
plant depth distributions, integrated over the full depth 
probed by the incoming beams. In fig. 3 we show the 
relative CN- signal for a C implant at a fixed energy of 
100 keY and N implants at a variety of energies. In-
cluded is the integral of the convolution between the 
two depth distributions evaluated using the formula-
tions of Dcarnaley et al. [3]. Experiment and computa-
2.UOE-04 
t.SOE-04 
1.00[-04 
5.00[-05 
l.OOE+Ol 2.00E-r01 3.00E+01 
10 (He') 
Fig. 2. Plot of 111 /''ll,. against In for He' impad on a crystal 
with implanted C and N. Here In i> beam currcn: uensity. •')(, 
is emission intensity of the CN band in arbitrary units. The 
straight line confirms validity of cq. (4). 
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Fig. 3. A curve ~howing CN- dem.ity as a function of N + 
implant energy for a fixed dose of C · implanted at 100 kcV. 
Also shown is a theoretical computation of the ov.:rlap between 
the range distributions of the two implanted species. The 
experimental data is normalized to c:omputation at 100 kcV. 
tion are in good agreement showing the amount of 
CN -· formed is proportional to the product of densities 
of C and of N. 
One approach to the mechanism of CN- formation 
is simply to argue that the molecule is formed only 
when an N comes to rest on a lattice site occupied 
. already by C (or vice-versa). If this were the case then to 
saturate the CN- signal in a sample previously im-
planted with C would require anN dose of one atom for 
every lattice site within the projectile's range. Saturation 
doses are in fact an order of magnitude lower. 
Landman has recently shown by a molecular dy-
namics simulation technique [4] that when a foreign 
atom is introduced into a perfect crystal tht:re is created 
a local region of melting which persis1s for the order of 
10- 13 s .before recrystallization occurs. We adopt this 
model to explain the present data. The incident N 
comes to rest, a volume tl.V hccmncs temporarily dis-
ordered, if a C exists within this volume the C and N 
recombine and after recrystallization adopt a cation 
lattice site. Thus for an N + dose of DN per unit area a 
total volume DN tl.V has been probed and when this 
volume is equal to the total volume within the projectile 
range distribution (equal roughly to an area of unity 
times twjcc the half width of the range distribution, 
tl.Rp) we should have achieved saturation. In fig. 4 we 
show the CN - emission signal as a function of N ~ 
dose as excited by the incident N + themselves. We see 
that the CN signal saturates at a dose of -about 
10 X 10 15 N ~ ions em 2 independent of the pre-existing 
C + dose. A trivial calculation. using the range data of 
Dearnaley et al. [3], shows the volume tl.V to be 3.4 X 
10 · 21 cm.l corresponding to a spherical region of radius 
9.3 A. This figure is in qualitative agreement with the 
simulation of Landman that implies a melting over a 
region of the order of four lattice spacings. 
We might further inquire whether the C and N 
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Fig. 4. Intensity of CN- emission a; a function of N dose (at 
115 keV) for various preliminary doses of C at 100 kcV. The 
CN- emission is induced by the N ir-clf. The triangle poin:s 
arc for a preliminary C + dose of 8 X I 0 1' ionsjcm2 and the 
squares arc for a do'e of 2 X 10 15 ionsjcm2 Saturation occurs 
at an N dose independent of the preliminary C dose. 
atoms might reasonably recombine within the 10 · 13 s 
that the melt region exists. There is a dearth of informa-
tion on recombination in high density systems but this 
problem is now being tackled for the first time by 
Flannery [6]. He estimates a recombination coefficient 
of the order 10 - 7 em' s- 1 for rewmbination of Kr ' 
and F- in Ar. If we were to assume such a recombina-
tion rate was ·also approximately valid here and apply it 
to the high density molten region of 9.3 A radius con-
taining one C and one N we. arrive at an average 
recombination time of 3.4 X 10- 14 s. Since the molten 
region is estimated by Landman to persist for at least 
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I 0 11 s there is adequate time for the molecule to be 
formed before recrystallization. 
4. Conclusion 
We have shown unambiguously that sequential im-
plantation of C and N into KCI gives rise to the 
formation of the CN radical. We have proposed that 
as an ion n~mes to rest in the lattice it causes a !Ol:alizcd 
melted region <!nd if the other molecular constituent is 
present in tlus region recombination occurs to form 
CN ·. The density of CN created in this manner is 
related to the convolution of the implant depth distribu-
tions. 
This work was supported in part by the Solid State 
Chemistry Program of the National Science Founda-
tion. 
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EXCITED STATES OF SPUTTERED MOLECULES 
L. EFSTATHIOU an•J E.W. THOMAS 
Georgia lnstitwe of Technology. A tlama. Cieorgta 3033.:?, U.S.A. 
We present some observations of the N 2 and 0 2 molecular spectra induced by ion impact on solids. The N2 spectra arc due to 
bombardment of a nitrogen implanted silicon sample. The 0 2 spectrum is from Ar" bombardment of a bo•-on sample with adsorbcd 
oxygen. The nitrogen spectrum shows rotational but not vibrational cxcitat)on. A inodcl for its formation is proposed ba>.ed on surf ... cc 
recombination followed by vibrational deactivation and ejection. The oxygen spectrum appears to <.:ontain fragments of th(' 
c 1 ~;;- -X 3 ~; Herzberg II band system and exhibits high vibrational but no rotational excitation. 
1. Introduction 
We report here some recent observations concerning 
the excited states of sputtered molecules. In part the 
work was prompted by an apparent discrepancy be-
tween two previous reports on emission of nitrogen 
molecular lines when a silicon sample is bombarded by 
a nitrogen ion beam. In the early work of Battacharya et 
al. [I] the 3371 A band of neutral N2 is observed under 
10 keY N + or Nt bombardment. In the work of 
Snowdon et al. (2], using 2 keY Nt beams the principal 
emissions observed were from various states of the 
molecular nitrogen ion N2" . In both the work of B:ll-
tacharya et al. [ l], and that of Snowdon et al. [2], it is 
suggested that the nitrogen is implanted as individual 
atoms and either the molecule is formed on the surface 
and sputtered as one unit or else two individual atoms 
are sputtered independently and recombine as they 
emerge from the surface. There is an apparent dif-
ference between the two studies in that Battacharya et 
al. [1], observe the neutral molecule and Snowdon et al. 
[2], observe an ejected molecular ion. It seems unlikely 
that these different observations can be due only to 
differences in cross sections for ejection processes. 
The present work was designed to study further the 
phenomenon of excited molecule CJCCtion by particle 
impact. We study ejection of nitrogen from silicon by 
particle impact at energies between 20 and 200 keY as 
well as providing fragmentary information on ejection 
of molecular oxygen. The general objective is to study 
rotational and vibrational excitation in an attempt to 
understand the mechanism of the molecule's formation. 
2. Experimental 
The general experi.n:ental arrangement is unchanged 
from that used in our previous studies of collisionally 
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induced light emtsswn from solids [3]. Targ,ets are 
mounted on a standard manipulator, placed in a vacuum 
·system with .a base pressure of l 0 -lo Torr and 
bombarded with ions from a 20-200 keY ion accelera-
tor. Optical emission from the point of beam impact is 
analyzed with a 0.5 m Jarrell-Ash scanning monochro-
mator fitted with photomultiplier detection and conven-
tional pulse counting electronics. The monochromator 
view~ the target through a sapphire window at an angle 
of 90° to the beam direction and at a 30° angle from the 
normal to the target's surface. 
The silicon targets were high purity, single crystal 
targets with the (Ill) face exposed to the incoming ion 
oeam. For the work with boron we used a polycrystal-
line sample. 
3. Molecular nitrogen spectra 
When Si was bombarded with 100 keY Nt we 
observed weak emissions of the second positive (C 3 II~ 
B 3 TI) system of N 2 including the 0- 0, 0- l and 0- 2 
vibrational transitions. The emission intensity was zero 
when bombardment commenced and built up steadily. 
Following Bhattacharya et al. [ 1], we explain this build 
up as due to erosion of the surface leading to exposure 
of the ion implanted nitrogen on the surface. If the 
projectile is changed from N/ to Ar' one sees identi-
cal features implying that the nitrogen emission arises 
from sputtering of the implant and is in no way related 
to scattering of projectiles. In addition to the nitrogen 
lines there were intense emissions from sputtered Si and 
Si +. When molecular oxygen was introduced into the 
target chamber we observed an increase of the nitrogen 
intensity along with an increase in intensity of the many 
Si lines. The intensity ratios of the 0-0, 0-1 and 0-2 
transitions arc in general agreement with the calculated 
Franck--Condon factors given by Lofthus and Krupcnic 
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Fig. I. The 0 ~ 0 spectral line in the C 3 Tl ~ B 3 II second posi-
tive system of N 2 induced by 100 keV Ar + impact on an Si 
target implanted with N. Also ;hown is a calculated line shape 
assuming a rotational state popultion appropriate to local 
thermodynamic equilibrium at a temperature of 1100 K. 
[4). We should note that the spectra show no evidence of 
the Nt emissions that arc observed in the studies of 
Snowdon et al. [2], no evidence of atomic nitrogen 
system. 
A significant feature of these bands is that the lines 
are broad indicating significant rotational excitation. 
Due to the low signal strengths we were unable to 
employ a sufficient spectral resolution to permit a re-
cord showing individual rotational lines. We do, how-
ever, show in fig. I the envelope of the line shape 
obtained with a resolution of 4 A. There is obviously 
significant broadening indicating that many molecules 
are ejected in excited rotational states. It has often been 
noted [5] that the state population of electronically 
excited sputtered atoms is proportional to 
exp(-E;/kT), where E; is the excitation energy of the 
state, k is Boltzmann's constant and T ha~ the dimen-
sions of temperature. It has been argued in the past [5] 
that excitation occcms in a coilision cascade exhibiting 
local thermodynamic equilibrium: in this case T is the 
relevant temperature. However, if the L TE model is not 
appropriate then T is simply an empirical parameter. 
Without passing any judgement on the models we have 
computed the line shape for various values of T using 
the exponential term to predict relative population of 
rotational states. In fig. I we ~how the calculation for 
T= 1100 K and agreement with experiment is excdlcnt. 
We note that in the consideration of clcctronicaily ex-
cited sputtered substrate atoms the value of T is nor-
mally found to be much higher [5]. typically 3600-
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5900,K. In summary we observe ot-Jiy the C 3 llu state 
formed in the lowest vibrational state with a rntatinnal 
state population distribution that decreases exponen-
tially with excit<ttion energy of the state. 
To provide some explanation of this phenomenon we 
may look fnr guidance to the studies of H 2 desorption 
from interstellar dust where the ejected molecules arc 
found to be in a ground vibrational state with consider-
able rotational energy (6,7]. When two N atoms arc on 
adjacent sites of the substrate they will be separated by 
some 4.5 A, stror.gly bonded to the surface and interact-
ing weakly with each other [6]. If one atom migrates to 
the adjacent site, as a result of a projectile impact. the 
two atoms will now strongly interact with each other 
and have an internuclear separation comparable with 
that in a normal molecule ( 1.15 A. see ref. 4). The mole-
cule would, presumably, also have a high degree of 
rotational and vibrational energy and without some 
stabilizing event should spcmtancously dis~ociate. If sta-
bilization occurs by some rotational transition, the 
molecule can remain bound and interact with surface 
atoms. Internal vibrational energy could be converted 
into kinetic energy away from the surface in a manner 
rather like the interaction of a compressed spring with a 
desk surface. When a molecule with a vibration:1l 
frequency of the order 10 15 s- 1 collides with a surface 
atom that surface atom cannot respond to absorb the 
vibrational energy if we assume maximum phonon fre-
quencies to be of the order I 0 13 s -- 1• The molecule will 
thus rebound, transferring vibrational energy to kinetic 
energy and the system can be ejected whik retaming a 
high degree of rotational energy. 
The C 3 TI u state of N ~, in the separated atom limit, 
is composed of a ground state N atom and a metastable 
NeD 0 ) atom. We would argue that the excited atom is 
not created by direct particle impact for this would 
presumably tran~fcr sufficient energy to the nitrogen 
that it could escape the attractive bonding to the solid 
altogether. Rather it seems likely that the nitrogen atom 
could be excited hi' a secondary electron, a mechanism 
that would cause no transfer of kinetic energy. It is 
known that the secondary electron emission coefficient 
is higher for oxides than for pure materials, which might 
explain the incn.:ase of nitrog..:n signal when the sample 
is in an oxygen environment. Due to the cxcttation, the 
nitrogen atom will be less strongly bound and lateral 
surface migration would more readily occur. llarlow and 
Silk [7] (quoting an unpublished report by Hollenbach) 
estimate that the time for migration of H bctw,;cn 
adjacent surface sit..:s of gr<1phite is 3.7 X 10 5 s. If we 
assume that this figure gives the order of magnitude also 
for the present case we require that the excited state 
lifetime be greater tlwn 3. 7 ;< 10 5 s. The 2 D 0 state of 
N is in fact mct:!stablc with a quoted lifetime in excess 
of 10·1 s [RJ so migration is c•.:rtainly possible bdnre 
decay. 
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Fig. 2. A fragment of the spcc1rum induced by Ar + impact on 
a boron target with ad,orbeJ oxygen. The line> arc tentatively 
identified as due to c 1 ~ - ~X 3 ~~ trilnsitions of 0 2 between 
the vibrational states indicated. 
5. Molecular ox:ygen spectrum 
We have also studied briefly the spectrum observed 
from boron with adsorbed oxygen. A.boron sample is 
exposed to oxygen at a pres~urc of 10 -s Torr, the gas 
removed, and the sample bombarded with 100 keY 
Ar + . A part of the observed spectrum is shown in fig. 2. 
There are a group of peaks that do not corn::.pond to 
the tabulated wavelengths of BO. nor of 0 nor of B. 
Lines of B and B +- are found at other wavelengths not 
shown here. We are able to identify these lines only as 
transitions in the c 1 ~:;- ~X 3 ~~- spect!um of 0 2 (9]; 
the identification of vibrational states is shown on the 
figure. The c 1 ~ :;- state of 0 2 is in fact metastable, 
relatively weakly bound and with a large equilibrium 
internuclear separation. Most of the system has not 
previously been experimentally observed and the wave-
lengths quoted by Krupcnie [9] are largely from theoret-
ical predictions. These lines show no evidence of rota-
tional broadening. The lifetime for the c 1 ~ .;- state is 
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estimated by Slanger [ 10] to be 25-50 s and if the 
molecule were to be ejected with any appreciable veloc-
ity the bulk of the emission would thereFore come from 
regions outside the detector's field of view. The f<.Jct that 
signal is observed at all implies that the molecules reside 
on the surface and this is confirmed by observing paral-
lel to the surface whereupon no signal is detected. 
6. Discussion 
The above observations show two rather different 
situations. The nitrogen spectra show considerable rota-
tional excitation but no vibration. The oxygen spectrllm 
seems to involve transitions not previously observed in 
conve.ntional light sources and exhibits substantial 
vibrational excitation but no rotation. A comon feature 
of the two spectra is that both involve long lived meta-
stable states, of either the molecule itself, in· the case of 
0 2 , or of the constituent atoms, in the case of N2 • 
This work was supported in part by the Solid State 
Chemistry Program of the National Science Founda-
tion. 
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Rotational Excitation of Sputtered N
2 
t 
L. Efstathiou and E. W. Thomas 
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332 
There is a continuing interest in the optical spectra emitted by sput-
tered atoms and molecules since these provide information on the quantum 
state distribution of particles ejected in a col~ision cascad~. Excited 
molecules are particularly interesting since the population of rotational 
and vibrational states may provide a clue as to the mechanism by which the 
molecule is formed during the collision. 
We have studied the second positive system of N2 sputtered from an Si 
surface. Projectiles are 20 to 200 keV N+ incident on pure Si and the 
intensity of the N2 spectrum builds up with dose consistent with the increase 
of implanted N2 density at the surface. The use of ~ ions to both dope the 
surface and simultaneously eject the molecules is an experimental conven-
ience and not significantly related to the excitation process. Impact of 
Ar+ on an Si surface implanted with ~ gives an identical spectrum. 
Analysis of how the N2 spectral intensity builds up with N concentration 
shows a linear relationship suggesting that the N2 is formed by spontaneous 
recombination of nitrogen atoms on the surface and that formation is not 
related to the collision process itself. 
Detailed study of the N2 spectral lines discloses a high degree of 
rotational excitation but negligible population of excited vibrational 
levles. Rotational state population of lower J levels is approximately 
Holtzman with an effective temperature of around 1100°K. However, at higher 
rotational levels the distribution is non-thermal and broad maxima in popula-
tion occur around J = 30 and 40. Qualitatively there is considerable simi-· 
larity with the rotational state distributions observed by Kleyn et al. for 
NO scattered from Ag. These characteristics are independent of the 
projectile energy, mass and incident angle indicating that the rotational 
state population is independent of the excitation details. 
We conclude that.the rotational state populations are related to the 
transition of an N2 molecule from a bound surface state to the isolated 
free molecular state. 
t Supported in part by Grant DMR-8000671 from the Surface Chemistry Program 
of the National Science Foundation. 
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APPENDIX V 
Rotational State Populations of NO Scattered from Ag; 
Comparison with the Hindered Rotor Model 
We have taken experimental data of Kleyn et al.
1 
on rotational population 
of NO scattered from Ag and com~ared them with-predictions of the hindered rotor 
model of Gadzuk, Landman et al. The general objective is to determine whether 
the hindered rotor model may~e applicable. 
Kleynl takes rotationally cold NO molecules (5 to 50°K) of energy 0.19 
to 0.93 eV and directs them at a clean 111 Ag surface. Rotational populations 
of the scattered NO are measured by laser induced fluorescence of the 
A 2E + X 2 ~ 1 ; 2 transition. Signals are divided by laser power and rotational 
line strengths to yield the relative population NJ: of rotational states J. 
A plot of ln [N1 /(2J+l)] against J was presented and is reproduced as Fig. 1. 
For each level J there are, in general, four measurements corresponding to 
data from the R and P transitions of the 2n 1; 2 and 
2n3; 2 states. Fig. 1 
shows some severe scatter in the derived populations. It is clear that at 
low J (J ..::_ 18) the plot is a straight line which might be taken as implying 
a Boltzman population distribution with an appropriate rotational temperature . 
. However, at high J (J ~ 18) there is not a straight line and a Boltzman distri-
bution of population is not applicable to the whole distribution. 
In Fig. l we show the po~ulations as a function of J state derived speci-
fically from the R branch of n1; 2 state; calculations were performed for an 
incident NO energy of 0.3 eV and 0.96 eV. The rotational 
state populations were predicted for us in the hindered rotor model2 by 
C. Cleveland. The theory involves an infinite conical potential well where 
V = 0 for a polar angle (angle between molecular axis and surface normal) 
of S and V = oo for larger angles; this angle may be considered as unknown 
and adjusted to provide a good fit to the data. The theory also includes 
the parameter B/kT where B is the rotational constant of the molecule about 
the fixed point (which may be readily computed), k is Boltzman's constant 
and T is the effective temperature governing rotational population ~hen the 
molecule is in equilibrium with the surface. The temperature T is taken as 
the target temperature. The polar angle was varied from 17° to 80° and relative 
populations compared with the data of Kleyn ~ al.l In Figures 2 and 3 we show 
the computed values normalized arbitrarily to experiment at J = 23. We regard 
the agreement between the experiment and computation for 8 = 80° as encouraging. 
The scatter in ln [NJ/(2J+l)] in the data of Kleynl is as much as 1.2 at large 
J and is comparable with the difference between experiment and computation. 
At small J (J ~ 17) substantial differences are observed. Kleyn ~ al.,l 
show that the rotational state population is not a sensitive function of target 
temperature. This is consistent with the hindered rotor model which shows that 
rotational population of the molecule in free space is largely governed by the 
zero point energy of the hindered rotor on the surface. 
At the present time we offer no explanation of why the predicted popula-
tion differs significantly from observations at low J. We must note, however, 
that the present model is very crude. It utilizes an infinite potential that 
is certainly unrealistic. Moreover, the large B angle needed to bring the 
model into agreement with experiment places the molecular axis almost parallel 
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Fig. 1. Rotational state populations of NO scattered from Ag at various 
incident energies. Data points show the experimental measurements 
of Kleyn et al.l Lines are the result of calculations by Landman's 
model2 usfng~one angles of 15 and 80°. Experiment and computation 
are normalized together. 
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to the surface. It is likely that other hindered configurations discussed 
by Gadzuk and Landmanl would be more appropriate ·and these ar~ being "explored. 
At the present stage the agreement is encouraging and refinement of the model 
to include realistic potentials is under way. 
1. A. W. Kleyn, A. C. Luntz and D. J. Auerbach, Phys. Rev. Lett. ~, 1169 
(1981). 
2. J. W. Gadzuk, U. Landman, E. J. Kuster, C. L. Cleveland and R. N. Barnett, 
Phys. Rev. Lett. 49, 426 (1982). 
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Abstracts of the 4211d Annual Conference on Physical Electronics, 1982 
Ion Induced Auger Spectra of Aluminum and Silicont 
R. Whale~ and E. W. Thomas 
School of Physics, Georgia Tech, Atlanta, GA 30332 
Auger spectra induced by heavy ion impact on surfaces differ signifi-
cantly from electron induced spectra. The details of the excitation process 
and perhaps even of the decay mechanism are not clear. An understanding of 
the inner shell excitation and the subsequent decay mechanisms will assist 
with interpretation of SINS data and with a general modelling of the quantum 
state distribution of sputtered particles. 
We have concentrated on the study of Al and Si LMM spectra induced by 
20 to 200 keV Ar+ impact on pure Al and Si as ~ell as the compounds of the 
elements. The spectral lines are sharp and ~tomic like but do not agree 
completely with spectra calculated from well established energy level data. 
Minor structure is observed on the lines when the target is a. compound and 
this structure changes in magnitude, though not energy, as the chemical 
composition is altered. 
Excitation of the inner shell vacancy would appear to be by a curve 
crossing in the LCAO-MO description of a collision between two atoms. Both 
direct excitation by projectile-target collisions and indirect excitation by 
recoil target-target events appear to contribute. Violent collisions that 
cause such events will transfer sufficient energy to the excited atom that it 
may be ejected from the latt-ice and contribute to the. sputtered flux. A 
simple computer model suggests that sputtered particles with inner shell 
vacancies will generally undergo an Auger decay while still interacting with 
the surface from which it is receding. Thus, the spectra represents the 
Auger decay of atoms outside the matrix but still interacting with the 
field of the surface. 
By comparing detailed in~egral spectra for pure Si with the spectra for 
its compounds we may synthesize a spectrum representing an Si atom decaying 
under the influence of the impurity atom. These will be compared for 
different impurities in an attempt to determine how the decay process is 
perturbed. 
Quantitative comparison of the Auger flux with SIMS data suggests that 
a substantial fraction of multiply ionized sputtered particles arise from 
Auger decay of atoms sputtered with inner shell vacancies. 
tSupported in part by Grant D~fR-8000671 from the Surface Chemistry Program 
of the National Science Foundation. 
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Dr. Fred E. Stafford 
Division of Materials Research 
National Science Foundation 
Washington, D. C. 20550 
Collr:gc of :;c,PI1Cl'S .md L1bcrdl Stud1cs 
Sc~1ool of F)hys1cs 
September 24, 1984 
Subject: Annual Technical Letter Report, DMR-8000671 
Dear Dr. Stafford: 
This document is to serve as an annual technical letter report of 
progress on a project supported by NSF Grant No. DMR-8000671. The grant was 
originally funded in July 19eo with a projected duration of 3 years. A 
request for renewal was denied but a small grant for one year was awarded to 
bring the project to a satisfactory conclusion. The project is now into the 
automatic 6 month extension period with final termination on 31 Dec. 1984. 
All significant funds have been utilized and remaining resources are committed 
to the support of a graduate student to the end of the grant period. 
Background 
The general objective of the research was to study excitation processes 
occurring during atomic collisions in solids. The experimental-techniques are 
Auger and optical spectroscopy of the point where a projectile beam impacts on 
a surface. The nature of excitation mechanisms, whether of the matrix, of 
sputtered atoms, or of scattered projectiles, are not at all well understood 
and it is often said that there are more theories than there are good 
experiments. Understanding of such processes should materially assist 
development of quantitative surface analysis techniques (notably SIMS) and 
will be a significant factor in the optimization of surface etching by 
reactive chemistry. 
The work of the last twelve months has been largely published in the open 
literature and reprints are attached. The present letter will be confined to 
a brief review of three major activity areas. 
Auger Spectra 
We have brought to a conclusion our study of Auger spectra induced by 20 
to 200 keV Ar+ on targets of Mg, Al and Si. These spectra exhibit a broad 
underlying continuum roughly similar to that observed under electron impact 
with, superimposed, a series of atomic like lines. While there is general 
agreement that the continuum is due to matrix decays of inner shell vacancies 
the line spectra have been the subject of much controversy. 
The line spectra can only be due to 2p vacancies; any other vacancy such 
as ls or 2s will certainly give lines at much higher energies than are 
observed. We have long contended that the lines are from sputtered neutral 
atoms decaying in free space. We had not, however, been able to unambiguously 
relate these lines to specific Auger decay transitions. 
Auger lines excited (generally by electrons) in gas phase targets are in 
fact of ions. The projectile impact removes an inner shell electron leaving 
the particle charged and it is this ion that decays. We suggest that when a 
target atom is excited in a solid and simultaneously ejected (sputtered) the 
atom frequently picks up an electron as it emerges across the surface so that 
2. 
it is neutral. Thus most of the sputtered excited particles have an inner 
shell vacancy but as e·xtra outer shell electron leading to states l·ike Mg (ls2 
2s2 2p5 3s2 3p), Al (ls2 2s2 2p5 3s2 3p2) and Si (ls2 2s2 2p5 3s2 3p3). It is 
the decay of these neutral atoms that we observe- not that of the ions. We 
have now estimated the energies of such states, calculated energies of the 
relevant decay channels, estimated line shapes and fitted the predicted to 
observed spectra. A major step forward was the realization that the so called 
continuum extended to higher electron energies than would be expected from a 
conventional matrix decay process. This is due to the presence of atomic 
lines at the continuum edge that cannot be resolved but are apparent as 
structural features. With these additional atomic lines our complete 
identification becomes straightforward. We have, by the fitting procedure, 
been able to measure the energies of the neutral atom states to about 0.2 eV 
which is more accurate than the theoretical predictions. Transition 
probability ratios in the Auger decay processes have been evaluated from 
relative line strengths. 
For the case of sputtered Mg and Al we have successfully modeled the 
whole spectrum in terms of a continuum from matrix decays and lines from 
. sputtered atom decays. The Si spectrum is also largely explained by these 
mechanisms but there remains a 10 eV wide band that is not attributable to 
these mechanisms. We estimate that for Si, which has a shorter lived inner 
shell vacancy than Mg orAl, a large fraction of the ejected atoms undergo 
decay within 2-3 A of the surface where energy levels are perturbed by the 
field of the surface. Here one would broadly expect the spectrum to be 
intermediate between that for an atom in the matrix and that for the atom in 
free space. The feature becomes even more obvious for the yet shorter lived 
sulphur and phosphorous atoms which have been studied by the group at Lyons. 
Regrettably we can find no tractable theoretical nor experimental techniques 
to prove that the additional component seen with short lived states does in 
fact represent decay in a surface field. 
We note in passing that the spectra are certainly due to 2p vacancy 
production and not to ls nor 2s. Adiabatic molecular orbital curve crossing, 
for the systems under study, gives rise only to 2p excitation so this 
presumably is the relevant excitation mechanism. 
Two papers on this work have been published and are attached. No further 
work is planned. 
Optical Spectra of Sputtered Molecules 
We have been studying for some time the optical spectra of N2 sputtered 
from N-implanted Si. Of particular interest is the rotational state 
,population in the 0 ~ 0 band of the C 3rr ~ B 3rr transition. t~e have shown the 
rotational structure to not be explainable in terms of a thermal equilibrium 
population of rotational states. By co-operation with Landman•s group at Ga. 
Tech we have devised a possible explanation. Before a molecule is sputtered 
from a surface it must presumably exist as a configuration bound to the 
surface. The quantum states of a bound rotator are quite different from a 
free rotator. As the molecule is ejected it moves from the bound or hindered 
state to a free state and final population is related to wave function overlap 
and the bound rotational state population. We have made some simple estimates 
for the hindered Nz rotator in terms of an infinite coni ca 1 well potentia 1. 
The bound rotator 1s taken to be in thermal equilibrium with a room 
temperature surface. With the relevant overlap integrals we can predict the 
rotational state population after ejection which in turn should represent the 
rotational structure observed in the optical spectra. There is a broad 
'. 3. 
correspondence between theory and experiment but with discrepancies in detail 
that may be due to the oversimplified nature of the model. 
There are technical difficulties in working with N2 spectra sputtered from an N-implanted Si surface. Rotational energies are close and line 
resolution is almost impossible. We have been searching for a different case 
where line resolution would be unambiguous and close comparison with 
prediction more justifiable. BH sputtered from an H2 exposed B surface has been studied and we are looking also at some other hydrides. 
A paper on the N2 spectra and the hindered rotator model has been published and is attached. The work continues with a search for a case where 
theory and experiment may be compared with greater sensitivity. 
Data Compendi urn 
The writer has long maintained a substantial interest in the assessment 
and compilation of data. During the last twelve months he has co-operated 
with three other faculty in the production of a biblioyraphy of major data 
sources in the area of atomic collisions. The writer was principally 
responsible for collection of data sources for the area of atomic collisions 
·in solids. The compendium is now complete and has been submitted for 
publication. Due to its length (some 200 typed pages) I enclose here only the 
title and abstract page. 
Conclusion 
The work of this project has largely come to an end and residual activity 
is confined to one student continuing research on the rotational state 
population of sputtered molecules. We are attempting to start a new project 
to study how photo-excitation of surface states can alter excited states of 
sputtered particles. The idea here is to modify the electron density 
distribution of the surface in a controlled fashion and then study how this 
effects the quantum state population of atoms that eject out of the surface. 
Application is forseen to photo-enhanced etching of microelectronic circuit 
elements. A proposal for this work is pending with NSF. 
EWT:ar 
Yours sincerely, 
Edward W. Thomas 
Principal Investigator 
Director, School of Physics 
Enc. Preprints as follows. 
(1} R. Whaley and E. W. Thomas, J. Applied Physics 56, 1o05 (1984). 
(2} E. W. Thomas and R. Whaley, Nucl. Instrum. l~eth-:-B2, 571 (1984). 
(3) E. W. Thomas and L. Efstathiou, Nucl. Instrum. Meth. B2, 479 (1YB4). 
(4) E. W. McDaniel, M. R. Flannery, E. W. Thomas and S. T-.-Manson, 
Atomic and Nuclear Data Tables (submitted). First page of preprint 
only. 
Submitted to Atomic Data and Nuclear Data Tables 
BIBLIOGRAPHY ON ATOMIC COLLISIONS 
by 
E. W. McDaniel, M. R. Flannery, and E. W. Thomas 
School of Physics 
Georgia Institute of Technology 
Atlanta, Ga. 30332 
and 
* S. T. Manson 
Department of Physics and Astronomy 
Georgia State University 
Atlanta, Ga. 30303 
Abstract 
This bibliography deals mainly with binary and ternary collisions involving 
electrons, photons, and heavy particles (i.e., atoms, molecules, and ions). The 
energy range covered for each kind of collision is such that the interactions might 
be described as electronic, atomic, or chemical--higher energy collisions involving 
nuclear forces are not treated. Also covered are particle and photon impact on 
surfaces, the passage of particles and radiation through bulk matter, and transport 
phenomena in gases. Practically all of the references cited are data compilations, 
other bibliographies, review articles., or books. .one main objective is to provide 
easy access to atomic collisions data, although some references are included 
principally for their tutorial value. 
* The authors wish to acknowledge the support of the U. S. Air Force Office of 
Scientific Research, the U. S. Army Research Offi~·, .. and the National Science 
Foundation (Atmospheric Sciences and Solid State 0\emist ry Divisions). 
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SUMMARY 
The results o~ t\JO independent experimental investi-
gations are reported here. The production of Auger electrons 
due to ion impact on a surface is discussed first. An 
electron promotion model developed by Barat and Lichten 
predicts the creation of vacancies in the inner shells of 
atoms as the result of ·::he interpenetration of atomic 
orbitals in a violent, binary collision. To test the model 
' + Ar ion beams were directed upon targets of Al, Si, m1d Be. 
For these systems the electron promotion model predicts the 
creation of inner shell vacancies in the Al 2p shell, Si 2p 
shell, and Be lS shell. Our observed Auger spectra can all 
be explained on the basis of vacancies in the predicted 
shells of the target atom. The Auger spectra of Al and Si 
are consistent with emission from a free particle; Auger 
spectra of Be is consistent with emission occurring while 
the Be is interacting with the surface. The difference in 
the two cases is related to the lifetime of the vacancy. 
The Al and Si vacancy lifetimes are much longer than that 
of Be, consequently decay of the vacancy in Al and Si occurs 
from sputtered particles free of influence from the target 
matrix. Energy levels of an isolated atom are well known, 
as we attempt to identify the states responsible.for Auger 
emis~ion from Al and Si as precisely as possible. 
X 
The second investigation reported constitutes the 
first direct evidence that sequential implantation of two 
distinct species into a target may give rise to the formation 
of a radical within the solid. Specifically, CN- is formed 
by sequential implantations of c+ and N+ into KCl. Formation 
of the radical is explained by a simple model whose main 
features include the generation of a disordered region as an 
implanted ion comes to rest in the crystal lattice followed 
by recombination of the implanted reactants to f~rm the 
radical. The radical· is then identified by photon emission 
in a molecular transition characteristic of the CN- radical. 
The amount of the radical formed is inferred from the emission 
intensity. We generally excite the CN- radical by bombarding 
with a He+ ion beam. The excitation.mechanism is completely 
independent of the mechanism whe.reby CN- is formed. 
Excitation of the radical is explained in terms of the 
production of excitons by an impacting ion beam, their 
subsequent absorption by a CN- radical inducing formation of 
an excited state which decays via emission of an UV photon. 
Experimental determinations of the formation of CN 
as a function of reactant dose, reactant implantation 
energy and the emission intensity as a function of beam 
current density of the He+ ion beam used as a probe were 
performed. The model predicts the observed dependencies of 
the amount of CN formed as a function of the experimental 
parameters. 
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SUMMARY 
The Auger spectra res~lting from 20-200 keV Ar+ and Ne+ impact 
on Mg, Al, and Si were studied. A mechanism was formulated which 
explains the sharp features in a.ll three targets a·s due to atoms with 
viii 
2p inner shell vacancies sputtered free from the solid surface. The 
asymmetric continuum underlying these sharp features· was found to be due 
to 2p vacancies decaying within the bulk. A model was formulated con-
sisting of gaussian line~hapes for the predicted atomic transitions from 
singly ionized and neutral initial states and an experimentally derived 
electron induced spectrum for the bulk contribution. The model was 
tested by fitting it to the spectra using a non-linear least squares 
curve fitting routine. All features of the spectra were completely 
explained by this fitting routine supporting this interpretation of the 
ion-induced spectra. Information deduced from the curve fitting included 
average sputtered atom energies, relative atomic line intensities, 
dependence of atomic to bulk ratios with Auger lifetimes, and experi-
mental values for the energy of the neutral atoms with 2p vacancies. 
Spectra taken using different projectile energies_ show increased 
atomic to bulk ratios with projectile energy. This is opposite what 
would be expected from nuclear stopping power or sputtering data in this 
energy range. 
Reprint 1 
Auger spectra induced by Ne + and Ar+ impact on Mg, AI, and Si 
A. Whaleya> and E. W. Thomas 
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received 4 January 1984; accepted for publication 10 April 1984) 
Impact ofNe+ and Ar+ at energies of2{}-200 keY on targets ofMg, Al, and Si gives rise to an 
electron spectrum that has sharp atomiclike features superimposed on a continuous background. 
The continuum is similar to the spectrum observed during electron impact and is generally 
ascribed to decay of L-shell vacancies in the matrix. We show, however, that this is not completely 
correct, that the apparent continuum induced by ion impact extends to higher energies than for 
electron impact and that this is due to the presence of some hitherto unidentified atomiclike lines. 
We identify the atomiclike transitions as due to particles sputtered with L-shell vacancies. A 
complete modelling of the spectra is performed which accounts quantitatively for all Auger peaks. 
We conclude that the major features are due to sputtered neutral atoms with a single inner shell 
vacancy. The electron configurations and energies are Mg0 2p53r3p (50.6 eV), Al0 2p53r3p2 (73.8 
e V), and Si0 2p53r3p3 ( 101.1 e V). These are states where one electron has been removed from the L 
shell but an electron added to the 3p shell to maintain neutrality. Other weaker lines are identified 
as due to sputtered Mg+, Al +, and Si + with single L-shell vacancies. For the case of silicon we 
identify an additional feature that we tentatively ascribe to sputtered atoms decaying while still 
within the field of the surface. A detailed modelling of the spectrum with all these components 
provides a complete explanation of all features of the spectrum lending confidence to the line 
identifications. Line intensities provide relative transition probabilities for competing decay 
processes. 
I. INTRODUCTION 
Impact of heavy ions (Ne+ and Ar+) at moderate ener-
gies ( 1-200 ke V) on samples of Mg, Al, and Si produce elec-
tron spectra with Auger lines at energies in the 4<>-130 eV 
region that are certainly due to vacancies in the 2p shell of 
' the target species. All reports of these spectra t-6 agree that 
there is a continuous spectrum related to the decay of excited 
atoms in the target matrix and a sharp line spectrum that has 
the appearance of decays in isolated atoms. Published re-
ports differ, however, on the detailed understanding of the 
spectra particularly on the question of the origin of the 
atomiclike lines. The sharp lines in no way resemble the line 
spectra induced by biparticle collisions of Mg+, Al +, and 
Si + impacting on an Ar gas. 7 V rakking and Kroes8 argue 
that the line spectra are due primarily to target atoms dis-
placed from their normal lattice sites and decaying in the 
disordered region of the collision cascade; the lower intensi-
ty lines are said to represent electrons that have lost energy 
due to plasmon excitation. Negre et a/.9 suggest that the 
atomiclike lines are due to decay of excited atoms localized 
at the surface. One of the pr~sent authors has claimed5 that 
the atomiclike lines are largely due to sputtered neutral 
atoms decaying in free space. The evidence to back up these 
assertions is generally qualitative in nature leading to impre-
cision and confusion. An explanation of any spectrum is val-
id only when the energy, width, and intensity of all spectral 
features is explained in a quantitative and consistent fashion. 
The purpose of the present work is to reexamine our sugges-
tion5 that the lines are principally due to sputtered neutral 
•lPresent address: Modisette Inc., 4223 Richmond Avenue, Houston, TX 
77027. 
atoms and that there are also weaker contributions from 
sputtered ions. To confirm this conten~ion we have com-
pletely modelled all the significant features, both continuous 
and line components, and show that all may be explained in 
the context of our original proposals. The fitting also permits 
a measurement of the excitation energy of the neutral states 
and a measurement of the branching ratio involved in their 
decay. 
II. EXPERIMENT 
The present experiments employed the same arrange-
ment as we have described previously? Projectile ions (Ne+ 
and Ar+) are provided by a 2{}-200 keY accelerator and di-
rected onto the target held in a UHV chamber at w-9 Torr 
pressure. Ejected electrons are analyzed and detected using a 
commercial (Varian) cylindrical mirror analyzer (CMA) 
placed with its axis at 95• to the ion beam and in the plane of 
the beam and target normal. The CMA has an integral elec-
tron gun that permits monitoring also of the electron in-
duced Auger spectrum: Auger spectra are recorded in a deri-
vative mode with repeated scanning ofthe region of interest 
and accumulation of signal in a multichannel scalar. Re-
corded derivative spectra are subsequently integrated to pro-
vide spectra showing the number of ejected electrons as a 
function of electron energy. The derivative recording is per-
formed with a 0.5-e V energy sweep that provides the inher-
ent resolution limit to the spectra we present. Peaks in the 
derivative electron-induced spectrum were found to agree to 
within 0.5 eV with a standard compilation. 10 Since we do not 
seek to draw any conclusions for the magnitude of the data 
we have not corrected the spectra for detection sensitivity 
variations with ejected electron energy. 
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Target samples were high-purity Mg, AI, and Si. The 
metals were polycrystalline metal stock. The silicon was a 
(100) single-crystal surface, but undoubtedly the ion bom-
bardment will have largely destroyed the single-crystal 
structure. Before use all samples were cleaned, chemically 
etched, and cleaned again. Final cleaning was by Ar+ ion 
sputtering at 5 keV after placement in the vacuum system. 
Electron-induced Auger spectra showed that all contami-
nants were less than 1%. Targets were held on a convention-
al manipulator and placed with their normal at 60·-so• from 
the ion-beam direction. The CMA was aligned at the center 
of the 5-mm-diam beam spot on the surface so that the spec-
tra should not be effected by edge effects. 
Ill. EXCITATION MECHANISM 
In Figs. 1-3 we show, respectively, the spectra recorded 
for Ar+ ion impact on Mg, AI, and Si, also shown are the 
corresponding electron-induced spectra. There is a clear un-
derlying continuous distribution in the ion-induced spectra 
that bears a close resemblance to the electron-induced Auger 
spectra of these solids and therefore is due presumably to 
decay of excited states in the matrix. There are also a series of 
lines whose limited width suggests that they are not due to 
decays involving transitions from a valence band of the solid. 
It has sometimes been suggested that there are three main 
lines (marked I, II, and III in all spectra) plus a fourth minor 
line at higher energy in some cases (marked IV on the fig-
ures). Some authors8 have argued that the main three-line 
structure that appears to be common to all three cases indi-
cates some new mechanism of Auger decay that is similar for 
all three materials. This argument is quite misleading. Refer-
ence to the silicon spectrum shows that there are a variety of 
subsidiary shoulders and peaks that betray the existence of a 
multiplicity of transitions. By contrast the magnesium spec-
trum shows only three distinct lines. 
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There is no serious doubt that the principal features of 
both lines and continuum are due to decay of single 2p-shell 
vacancies of the target material. The energies required to 
remove one 2p electron from Mg, AI, and Si are, respective-
ly, 11 55.0, 80. 7, and 107 eV. A decay of such an excited state, 
whether in the matrix or in an isolated atom or ion would 
give spectra at about the observed energy. It is energetically 
impossible for the spectra to be due to vacancies of the pro-
jectile or to ls or 2s vacancies of the target. 
It is generally argued 1--{; that excitation is by a molecu-
lar orbital promotion during small impact parameter colli-
sions in the cascade. The original formulation of such pro-
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FIG. 3. Auger spectra of silicon induced by 190-keV Ar+ and by 1-keV 
electrons. 
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motions by Barat and Lichten 12 show promotion to occur 
only to the 2p shell of the lightest collision partner. Thus for 
excitation of silicon during Ar+ + Si collisions excitation 
occurs in Si, for Ne+ + Si collisions excitation occurs in Ne 
and for Si + Si excitation occurs in either colliding partner. 
One observes the same ion induced Auger spectrum for Ne + 
impact as for Ar+ impact on all these targets leading some 
authors5•6 to suggest that a major fraction of the excitation 
events occur in recoil collisions such as Si + Si. However, 
Schneider et a/. 13 have recently studied argon silicon colli-
sions in gas phase targets and show that the presence of 
avoided crossings causes the excitation scheme to be some-
what more complex than envisaged earlier. In fact, 2p excita-
tion occurs in both projectile (Ar) and target (Si), although 
the former has a lower cross section by one to two orders of 
magnitude. In the present studies impact of Ne+ produces 
the same spectra as Ar+ impact but at lower intensity. The 
work of Schneider eta/. 13 tells us that this observation does 
not allow us to conclude whether excitation is due primarily 
to projectile target collisions or to target-target recoil colli-
sions. We must therefore accept that both types of event may 
contribute. 
Molecular orbital promotions occur at small impact pa-
rameters and therefore require some minimum projectile en-
ergy to overcome coulomb repulsion. In turn this means that 
substantial kinetic energy is transferred to the target nu-
cleus. According to the work of Schneider eta!. 13 promotion 
of the 2p Si electron in Ar + Si collisions occurs at an inter-
nuclear distance of about 0.37 A. Thus one would anticipate 
a substantial energy threshold for excitation and this is 
shown experimentally by Wittmaack6 to be around 2-3 keY. 
Close encounters will also involve substantial energy trans-
fer to the target nucleus so that recoils at energies of hun-
dreds of electron volts are anticipated and Auger electrons 
from decay of such recoils should exhibit detectable Doppler 
shifts. Wittmaack6 shows that Doppler widths for Ar+ + Si 
collisions increase from 1 to 2.5 eY as projectile energies 
increase from 2 to 30 keY; at the higher energies the line 
width appears to saturate. Figure 3 for Ar+ on Si exhibits 
line widths of approximately the magnitude reported by 
Wittmaack. These widths show no detectable change as en-
ergy is varied from 20 to 200 keY in the present experiments. 
The work of Schneider et a/. 13 provides us with a cross 
section for excitation of 2p electrons in silicon-argon colli-
sion events that is approximately 4 X 10- 17 cm2 in the energy 
range of the present experiments. Taking the atomic number 
density of silicon 14 to be 5.0X 1022 em - 3 , one would estimate 
that approximately 5% of all projectile target collisions 
would result in excitation of a 2p electron of Si. We have not 
attempted a quantitative measurement of our observed Au-
ger electrons but they are roughly consistent with a yield of 
this order. One may also consider the absolute yields mea-
sured for Ar+ on solid AI by Hasselkamp and Schannan15; 
cross sections for 2p excitation by Ar+ on Al should be very 
similar to cross sections for Ar+ on Si. Hasselkamp and 
Scharman 15 show a yield in the sharp lines of about 1% (Au-
ger electrons detected per ion incident) and a yield in the 
broad underlying matrixlike Auger peak of about 2%. The 
combined yield for Auger electrons ejected from solid alumi-
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num by Ar+ impact is therefore 3% and comparable to a 
predicted yield of 5% using cross sections for Ar+ on silicon 
and a target thickness appropriate to a single monolayer. A 
detailed comparison of these figures would require a consi-
deration of how many target monolayers contribute to the 
measured yield and the fraction of Auger electrons directed 
into the solid and therefore not detected. Such detailed con-
siderations are beyond the scope of the present work. We 
wish only to point out that the absolute yield of the Auger 
electrons is consistent with the cross section for 2p shell exci-
tation as measured in a biparticle projectile-target collision 
experiment. 
As we vary projectile energy in the present experiment 
(from 20 to 200 keY) there is no significant change to 
strength of the Auger signals which again is consistent with 
the observations of Schneider eta/., 13 that cross sections for 
target 2p shell excitation are almost invariant with energy. 
In summary, a yield of a few Auger electrons per 
hundred ions incident is indicated by the data and is consis-
tent with the separately measured cross section for direct 
target excitation by projectile impact. A more detailed com-
parison of the observed signals with measured cross sections 
would require an assessment of the fraction of electrons 
emitted back into the solid and therefore not detected; no 
such assessment was attempted here. There remains also the 
possibility that part of the observed yield is due to recoil 
target-target collision events. 
IV. DETAILED ANALYSIS OF SPECTRA 
It is our objective here to produce a model that repro-
duces completely all significant observed features of the Au-
ger spectra. We consider first the underlying continuous 
components that we ascribe to true secondary electron emis-
sion and to Auger decay in the matrix. Secondly we propose 
individual transitions to explain the atomiclike peaks that we 
believe are due to sputtered atoms and ions decaying in free 
space. In general terms we are able to predict the locations of 
spectral lines but have no information on relative intensity. 
At a final step we fit the predicted lines to the observed spec-
tra and draw some conclusions concerning relative transi-
tion probabilities for various decay paths. The unambiguous 
fitting of these proposed components to the observed spec-
trum would lead us to conclude that all significant contribu-
tions to the spectra have been identified. 
A. Underlying continua 
Let us consider first the underlying continuous compo-
nent. Due to ion impact on a surface there is inevitably a 
secondary electron spectrum that declines in intensity with 
increasing electron energy. At energies substantially above 
or below the energy of 2p shell decays one would expect the 
true secondary electron background to be the sole source of 
electrons. Sickafus 16 describes this spectrum by the empiri-
cal formula 
Yield = A (E + E0) - B, (I) 
where E is electron energy and the constants A, E01 and Bare 
obtained by fitting to the spectrum. We use this equation in 
the present work establishing the constants by fitting the 
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FIG. 4. Auger spectrum of magnesium induced by 190-keV Ar+ impact. 
The experimentally determined spectrum is shown as a series of individual 
data points. Line A is the model representation of true secondary electrons 
plus decay in the matrix. Line B represents the model and is essentially 
coincident with the data of most energies. Roman numerals are used to 
identify features discussed in the text and listed in Table I. 
formula to the observed spectra at energies above peak IV 
and below peak III. 
L-shell vacancies produced in atoms that remain in the 
matrix will decay by an L VV transition involving two elec-
trons from the valence band. This will produce a broad band 
of electrons with a width related to the valence band density 
of states. The observed energy band will in fact be broadened 
to lower energies by energy loss processes as the electron 
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Fl G. 5. Auger spectrum of aluminum induced by 190-ke V Ar + impact. The 
experimentally determined spectrum is shown as a series of individual data 
points. Line A is the model representation of the true secondary electrons 
plus decay in the matrix. Line B represents the model and is essentially 
coincident with the data points. Line Cis the sum of the model components 
representing decay of two electron vacancies in the matrix and in sputtered 
ions. Line D is the model component representing the enhanced bulk plas-
mon. Line E models the four individual peaks representing decay of single 
vacancies in neutral atoms and in ions. Roman numerals designate features 
discussed in the text and listed in Table II. 
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escapes from the solid. This L VV component to the spec-
trum should be identical to that excited by electron impact 
on the solid where L VV transitions are the only decay chan-
nel possible. To model this component we simply record the 
electron induced Auger spectrum using the built-in electron 
gun of our Auger system; these spectra are also shown in 
Figs. 1-3. In our final fitting procedure we adjust the magni-
tude of the electron induced spectrum to fit the ion induced 
spectrum. 
It is valuable at this stage to anticipate the results of 
fitting these continuum components. In Figs. 4, 5 and 6 we 
again reproduce the ion-induced spectra and show for each 
case, as line A, the sum of the true secondary electron and 
matrix decay spectra. The component shown is that required 
in the final fitting where we include also the discrete lines. In 
the case of AI and Si one could increase the magnitude of 
matrix (electron-induced) component to force a better corre-
spondence to the observed spectrum but then the individual 
atomiclike lines would not fit. 
The reader's attention is drawn to the location of the 
"high-energy edge" of the electron-induced spectra located 
at 45 eV in Mg, 66 eV in AI and 91 eV in Si. For Mg this edge 
lies at essentially the location of the rapid decrease in the ion-
induced spectrum, suggesting that the matrix decay compo-
nent does indeed explain the underlying continuous part of 
the spectrum. For AI, however, (Fig. 5) there is a small dis-
crepancy. For Si there is a major difference of some 5 eV 
between the location of the high-energy edge in the matrix 
component (at 91 eV) and the rapid decrease of the ion-in-
duced spectrum (at 96 eV). These discrepancies in AI and Si 
have been noted previously. Baragiola 4 observes the discrep-
ancy in AI and ascribes it to a changed density of states in the 
collision cascade induced by ion impact. Wittmaack6 ob--
serves the discrepancy in Si and ascribes it to a charging of 
the sample during ion impact. Hasselkamp and Schar-
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mann 15 observe the discrepancy in AI and offer no explana-
tion. We would contend that the apparent discrepancy is 
explained by the presence of an additional atomiclike line 
feature lying just above the electron-induced spectrum edge. 
This is fairly apparent in the case of Si where there is a dis-
tinct shoulder at 96 eV betraying the presence of an addi-
tional feature. Thus, in explaining the line spectra we must 
allow for a line at about 66 eV in AI and 93 eV in Si in 
addition to the main features numbered I-IV and the subsi-
diary shoulders. No such additional line is necessary for Mg. 
We shall show later that introduction of these extra lines is a 
critical step in properly classifying the atomiclike spectra. 
We conclude that explanations of the discrepancies given by 
Baragiola4 and Wittmaack6 are wrong. 
B. Energies of atomic states 
We must now address the question of the nature of the 
states that give rise to the discrete lines. It is our contention 
that the lines are due to sputtered atoms and ions with one or 
two 2p vacancies decaying in free space outside the solid. If 
the atom is excited by a projectile-target collision event then 
close encounters are necessary to permit molecular orbital 
promotion and this will transfer substantial kinetic energy to 
the target nucleus. Thus the target atoms may acquire suffi-
cient energy to be ejected and if decaying after ejection we 
expect a Doppler broadening of Auger peaks related to the 
atom's velocity. 
We propose that the major line feature in each spectrum 
is from a sputtered neutral atom with a 2p shell vacancy; for 
example, in aluminum this would be a 2p53s23p2 configura-
tion. In essence a 2p electron has been removed and a 3p 
electron added to maintain neutrality. The notion of a neu-
tral atom with an inner shell vacancy introduces a group of 
states that are not routinely observed in conventional Auger 
spectroscopy. Excitation modes such as electron or light ion 
impact will remove an inner shell electron leaving an ion to 
engage in the decay process. Neutral atom states have how-
ever been identified previously7 in heavy particle gas-phase 
collisions where the added outer shell electron can be ac-
quired by a charge transfer process. In the present case we 
could speculate on two mechanisms for the formation of 
such neutral states. Firstly, it is quite possible for the 2p 
electron to be promoted to a 3p level by the curve crossing 
mechanism. Secondly, an ion with a single 2p vacancy, re-
coiling from the target, could possibly abstract an electron 
from the valence band into the 3p level by a charge transfer 
process. The present work provides no clue as to formation 
process. 
Let us consider first the proposed neutral atom states. 
In the case of aluminum we suggest a 2p53s23p2 configura-
tion where one electron has been removed from the L shell 
but an electron has been added to the 3p shell to maintain 
neutrality. Following Dahl eta!., 6 one may estimate the en-
ergy of this state by assuming that the energy difference 
between 2p5 3s23p2 and 2p53s23p states of aluminum is equal 
to the energy difference between the 2p6 3s23p2 and 2p63s23p 
states of the element next highest in Z, namely silicon. In 
essence one argues that the increased potential of the outer 
electrons caused by removal of one inner shell electron is 
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equivalent to the increase of nuclear charge by unity. The 
required energy difference for Si is the first ionization poten-
tial of Si which we take from Moore17; the energy of the 
2p5 3s23p state of AI+ is taken from the work of Shirley 
eta!. 11 In this manner we estimate the ene:gy of the 
2p53s23p2 state of AI to be 72.35 eV. By a similar argument 
magnesium in a 2p53s23p state would have an energy of 48.82 
eV and silicon in a 2p53s23p3 state would have an energy of 
98.3 eV. These energies are only rough estimates and we 
should anticipate a possible error of a few e V. We shall short-
ly discuss the decay paths of these states and predict Auger 
line energies. By adjusting the line energies to fit the ob-
served spectra we arrive at a more accurate value of the exci-
tation energy lying within two eV of the above estimates. 
We anticipate also some contribution from sputtered 
ions such as AI+ 2p53s23p where one electron is missing from 
the inner shell but the outer shells are in the configuration of 
a ground state atom. In these cases the energies of the states 
are known accurately and can be taken directly from the 
work of Shirley et al. 11 The Auger energies resulting from 
decay of these states should be accurately predictable since 
the parent level energy is well known. In comparing these 
lines with observed spectra we find a direct correspondence 
of energy. 
There is in each spectrum a high energy line designated 
IV on Figs. 1-3. Most authors agree that this is from an 
atomic (or atomiclike) state with two L-shell vacancies. For 
the case of AI we propose a structure 2p43s23p2 and calculate 
an excitation energy of 178 e V by again assuming that for 
energy differences between different electron configurations 
the change of screening by removal of each inner shell elec-
tron is equivalent to a unity increase of nuclear charge. For 
magnesium we propose a state of 2p4 3s23p configuration of 
energy 129 eV and for silicon a state of2p4 3s2 3p3 configura-
tion with energy 238 e V. One might question the choice of a 
state where two electrons have been removed from an inner 
shell and one added to the outer shells to give a singly ionized 
state. Why not a doubly ionized configuration with two 2p 
electrons removed and more added to the outer shells? The 
configuration is chosen because for the single vacancy states 
a configuration where one electron is added to the outer 
shells fits the largest feature of the whole spectrum; we sur-
mise that the same should be true here for the doubly ionized 
states. In practice, the energy estimate for doubly ionized 
shells is likely to be quite crude and our fitting does not 
permit us to unambiguously confirm that this proposed state 
is present. Configurations involving two 2p vacancies and no 
added 3p electrons would also fit the data adequately. 
C. Auger line energies 
We turn now to the prediction of Auger line energies. 
From the above discussion we have proposed three configu-
rations of sputtered particles for each target case and esti-
mated excitation energies. We consider Auger transitions 
involving loss of electrons from then = 3 shells. In Tables I, 
II, and III we show the proposed transitions and the energies 
of the emitted electrons. Energies are determined using the 
parent state energies discussed in Sec. IV B above and final 
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TABLE I. Proposed identification of lines in the magnesium spectrum. 
Predicted Observed 
Auger Auger 
energy energy Peak 
Species Transition (eV) (eV) identification 
Mgo 2p53!l3p-2p63se s 1 41.18 43.0 I 
2p6 3pePJ 36.75 39.0 II 
Mg+ 2p53r-2p6('s) 32.13 34.0 III 
Mg+ 2p43!l3p-2p53s 56 54 IV 
state energies from Moore. 17 For the double 2p vacancy 
states we list only one transition involving one electron from 
each of the 3s and 3p states; other transitions involving two 
3s or two 3p electrons are also possible. We shall find that for 
the neutral atom transitions the most intense is that involv-
ing one 3s and one 3p electron. We guess that for the double 
vacancy state, which has the same outer shell configuration, 
the same type of transition will be most intense. In practice, 
only a single distinct line from the two vacancy state is ob-
served and this at low intensity; other lines of lower magni-
tude may be present but would be obscured by instrumental 
noise. 
For certain of the transitions listed in Tables I and II 
there are previous energy estimates by Dahl et a/.,6 using 
Hartree-Fock calculations. These are generally given for the 
centroid of the outer-shell multiplet structure and not for 
individual structures as we list them here. In general the 
Hartree-Fock calculations give energies a few eV higher 
than our present estimates and we shall find after the de-
tailed fitting that indeed our estimates are low by this 
amount. 
Let us compare first the lines tabulated in Table II for 
aluminum with the lines observed on the spectrum of Fig. 5. 
The· two transitions predicted from the AI+ parent level 
agree exactly with the positions of peaks II and III in Fig. 5. 
This is as expected because the energies of the parent and 
daughter states are well known. The larger group of lines 
from the Al0 state do not fit the observed lines. We must 
recall however that the energy of this parent level is in fact 
only a rough estimate and an error of a few eV is quite possi-
ble. If we increase the 2p5 3s23p2 energy by 1.4 to 73.8 eV then 
two of these peaks fit exactly onto lines I and II, while a third 
occurs at 67.8 eV and falls right at the high energy edge of the 
electron-induced spectrum. The existence of this last line 
TABLE II. Proposed identification of lines in the aluminum spectrum. 
Predicted Observed 
Auger Auger 
energy energy Peak 
Species Transition (eV) (eV) identification 
AJO 2p53?3p2-2p6 3? ('S) 66.37 67.8 
-2p63s 3p e PI 61.74 62.2 
-2p63s 3p ('P) 58.95 Absent 
-2p6 3p2 ( 1D) 55.78 Absent 
-2p63p2 (' p) 54.71 56.2 II 
AJ+ 2p53?3p-2p63s fS) 55.7 55.7 II 
-2p63peP) 49.0 49.0 III 
Al+ 2p4 3?3p2-2p53s3p ('P l 75.3 76.0 IV 
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TABLE III. Proposed identification of lines in the silicon spectrum. 
Predicted Observed 
Auger Auger 
energy energy Peak 
Species Transition (eV) (eV) identification 
Si0 2p5 3s'-3p3-2p6 3r3pePJ 90.15 93.0 
-2p63s3p2 ( 4P) 84.70 Absent 
-2p63s3p2 (2 D) 83.30 86.0 
-2p63s3p1 fS) 80.65 83.0 ii 
2p63s3p2ePJ 79.71 
2p63p"' I4S) 74.75 78.0 iii 
Si+ 2p53r3p1-2p63s2 ('S) 82.01 82.5 ii 
2p6 3s3p (-'P) 75.47 76.0 II 
ip6 3s3p ( 1 P) 71.74 Absent 
2p63p2 {'D) 66.90 Absent 
2p63pz fP) 65.34 66 III 
Si+ 2p43?3p3-2p53s3p2 103.0 107.0 IV 
was predicted earlier to explain the difference between the 
high-energy edge of the bulk spectrum and the edge of the 
ion-induced spectrum. Two lines are not observed which 
may simply mean that the relevant transition probabilities 
are lower than those of the other components. We note that 
the decay process involving one electron from each of the 3s 
and 3p shells explains peak I, which is the most intense line. 
It is the same type of transition that we suggest is responsible 
for decay of the two 2p vacancy AI+ state. The energy for 
this single transition is shown on Table II as 75.3 eV and 
agrees well with peak IV on Fig. 5, which lies at 76.0 eV. The 
agreement may be fortuitous as the estimated energy for the 
parent level is subject to uncertainty. In conclusion, the ma-
jor line features of the aluminum spectrum can be explained 
by the transitions listed in Table II if we allow the energy of 
the Al0 (2p5 3s2 3p2 ) state to be 73.8 eV. 
Let us now turn to the magnesium spectrum and com-
pare the predicted lines of Table I with the observed lines in 
Fig. 4. There are in fact only four lines predicted and four are 
observed. The line from Mg+ is located approximately 
where expected. The two predicted lines of Mg0 may be 
brought into agreement with peaks I and II if the 2p53s23p 
state energy is set at 50.6 eV rather than our estimated ener-
gy of 48.82 eV. The two-vacancy Mg+ state also is in satis-
factory agreement with the observed line at 54 eV. It is im-
portant to note that here the high-energy edge of the 
electron-induced spectrum agrees with the rapid fall of the 
ion-induced spectrum so no hidden line is expected at this 
point and none is required for the group of transitions in- ' 
voked in Table I. 
Turning finally to the silicon case we have a very large 
number of lines predicted in Table III but a much smaller 
number of features indicated on the data of Fig. 6. Table III 
shows that many lines are close together and line width 
causes overlapping rendering separate identification diffi-
cult. A proper identification of line position is possible only 
by the detailed fit to the data which we shall discuss later. 
However, some major features are reasonably clear. The Si0 
state of configuration 2p53s23p3 was estimated to have an 
energy of98.3 eV. This is likely to be inaccurate by some eV 
and for the similar Al0 case we found that the estimated 
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energy was too low by 1.8 eV. If we raise the Si0 state energy 
by 2.8 to 101.1 eV then the major peak I and the minor 
features i, ii, and iii all correspond to lines in the table. We 
note that the major peak I is a transition involving both a 3s 
and 3p electron; such transitions were responsible also for 
the largest features in the Al0 and Mg0 spectra. For the Si + 
spectrum we are dealing with similiar electron configura-
tions to the Al0 spectrum discussed earlier. For Al0 two of 
the proposed transitions do not show lines of any significant 
intensity; those same transitions are apparently absent here. 
The predicted Si + spectrum appears to explain accurately, 
with no need for energy shifts, the features labelled II, III, 
and iii. The two-vacancy state of Si + is invoked to explain 
the very weak feature labelled IV and the estimated energy 
corresponds satisfactorily with observation. We note par-
ticularly that the clear discrepancy between the high-energy 
edge of the electron-induced spectrum with the rapid signal 
drop in the ion-induced spectrum corresponding to the fea-
ture labelled i is satisfactorily explained by a line of the Si0 
spectrum. 
D. Line shape and width 
Molecular orbital promotion of electrons requires close 
encounters and substantial energy transfer to the target spe-
cies. We therefore anticipate that the sputtered excited parti-
cles will have substantial kinetic energy and that the Auger 
Lines will exhibit a Doppler broadening. Thus in a modelling 
of the spectrum we must assign a width and shape to each 
line. We have not attempted to estimate a line shape since the 
velocity distribution of the recoils is not known independent-
ly. Moreover, the annular collection geometry and the inher-
ent resolution limit of the analyzer produce further contribu-
tions to line width that are not readily quantified. Rather we 
represent each line by a Gaussian function and adjust the 
width and height to match observation. The linewidth will 
then be used to give a measure of the projectile velocity dis-
tribution. Line magnitude will of course give a measure of 
relative transition probability. 
E. Detailed fitting to the observed spectra 
In principle, the detailed fitting of components to the 
observed spectra proceeds as follows. We have already estab-
lished in Sec. IV A how the underlying secondary electron 
background is modelled by a Sickafus-type function. To this 
we add the electron-induced spectrum to represent the decay 
of vacancies in atoms of the matrix. The intensity of the 
electron-induced spectrum is allowed to vary as the magni-
tude of this component is unknown. We add also a Gaussian 
function for each line listed in Tables I, II, and III. All lines 
in a given spectrum are held at the same width but this is 
varied to fit the data. Height of the lines is also allowed to 
vary since we do not have any information on transition pro-
babilities. Within any one group of lines shown in Table.s I, 
II, or III, having a common parent state, the line separations 
are accurate and therefore should not be allowed to vary. 
However the energy of the parent level is in some cases only 
an estimate with an uncertainty of a few e V. Thus we permit 
the whole group to vary in energy by a few eV to fit the data 
and determine, from the best fit, a more accurate value of 
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parent level energy. In practice, for the ion states with single 
2p vacancies the energy shift required to fit the data is less 
than three tenths of an e V and therefore less than the resolu-
tion of the Auger spectra to which we are fitting. This is 
expected as the parent level energies are well established for 
these cases. For the neutral spectra, and the spectral line 
from an ion with two vacancies, the required shift will be few 
electron volt. 
One further contribution common to all spectra must 
be included to account for the broad feature under line IV. 
This is undoubtedly due to decay of two electron vacancies 
in the solid matrix and will be related to valence band density 
of states and to energy loss processes experienced by elec-
trons as they exit the solid. This feature is observed also on 
electron induced spectra such as we show in Figs. 1-3 but at 
a low relative amplitude. Apparently two electron excitation 
by ion impact is more efficient than the corresponding pro-
cess under electron impact. We have not attemped any de-
tailed model of this feature but represent it simply by a broad 
Gaussian adjusted in· width and height to fit the data. While 
a Gaussian function is of course unrealistic, the location, 
height, and width of the atomiclike transitions are not signif-
icantly affected even if this component is left out entirely; its 
function is primarily to account for the broad feature under 
peak IV. 
A further small problem arises in the handling of a con-
tribution from the bulk plasmon. The component due to ma-
trix decays should exhibit small plasmon loss structures at 
well-known energies. Such plasmon loss peaks should also 
be present in the electron-induced spectrum which we use to 
model the decay of vacancies in the matrix, thus they should 
be automatically taken into account. We find, however, that 
the plasmon loss peak in the ion-induced spectrum is of dif-
ferent magnitude from the corresponding peak in the elec-
tron spectrum. This is clearly shown in Fig. 4, where lineA, 
representing the underlying continuum, overestimates the 
signal at about 30 eV, here the bulk plasmon loss peak is 
greater under electron impact than under ion impact. We 
accomodate this by adding yet another broad Gaussian at 
the location expected for bulk plasmon loss features in the 
electron-induced spectrum. For magnesium, the required 
amplitude to fit the data is actually negative showing that the 
plasmon loss peak must be reduced in magnitude. For alumi-
num and silicon the amplitude is positive indicating that ion 
impact produces a higher plasmon loss component than 
electron impact. The influence of this feature on the identifi-
cation and location of atomiclike lines is quite negligible and 
we include it only to demonstrate that every feature of our 
observed spectra can be accounted for. 
One may now perform the fit to the data. A nonlinear 
curve fitting routine based on the gradient expansion algo-
rithm ofMarquardt 18 was used for this purpose. The princi-
pal parameters that we seek from the fit are relative height of 
peaks, the width of the peaks and the location of the peak 
groups which in turn gives us the energy of the Auger decay 
parent levels. 
The fitted spectrum for magnesium is shown on Fig. 4 
as the line through the data points. The fit is excellent except 
for a minor discrepancy around 40 eV that we cannot ex-
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FIG. 7. Auger spectrum induced by 190-keV Ar~ impact on Si is again 
indicated by data points. Line A is again the model component representing 
true secondary electrons and matrix decays. Line B represents the model 
prediction when only line A, the individual atomic transitions and decay of 
two electron vacancies are considered. Clearly, Line B does not reproduce 
the data points. 
plain. Similarly for aluminum we show the fitted line in Fig. 
5 and for the aluminum case we show separately the individ-
ual model components. For these two cases we would con-
clude that all relevant contributing processes have been 
properly accounted for and that the sharp lines are indeed 
from the proposed transitions. 
For the case of silicon the fitted spectrum designated as 
line B in Fig. 7 fails to match the observed spectrum in a 
significant manner. Line positions and widths can be repro-
duced leading us to believe that the suggested Auger transi-
tions do account for the observed atomiclike lines. There is 
some discrepancy at around 100 e V that is probably due to 
our inadequate model of the two-vacancy decays in the ma-
trix; this is oflittle consequence. The great concern is that in 
the region 60-90 eV, there is a general underestimate of the 
observed signal. The discrepancy can be accommodated by 
adding yet a further term. We add a very broad Gaussian 
centered at about 80 eV, repeat the fitting and achieve the 
agreement shown by line B on Fig. 6. For silicon we must 
conclude that the peaks are due to the suggested Auger tran-
sitions and that the underlying continuum is broadly ex-
plained by the decays in the matrix and by true secondary 
electrons. There is however an unexplained component 
which must represent an additional decay mechanism. 
V. DISCUSSION 
Let us first address the explanation of the component 
for the Si spectrum that was arbitrarily introduced to force a 
fit between experiment and model. Our explanation of the 
spectra has proceeded on the basis that the major contribu-
tions are from atoms decaying in the matrix and giving a 
broad L 23 VV spectrum and sputtered atoms (or ions) decay-
ing in free space giving atomic lines in an L 23MM spectrum. 
The lifetimes of 2p vacancies in Mg, AI, and Si are, respec-
tively, 19 930, 134, and 37 f sec. If we consider the sputtered 
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atoms (or ions) to have an energy of about 100 eV as suggest-
ed by Wittmaack6 from his Doppler broadening data, then 
the decay distance (lifetime times speed) for Mg, AI, and Si 
are, respectively, 260, 35.6, and 9. 7 A. If we assume that 
surface potential is significant to a range of, say, 5 A, then 
clearly most Mg and AI decays will occur far from the sur-
face, effectively in free space, and atomic lines should be 
observed characteristic of free atoms. For the case of silicon, 
however, a large fraction of the decays from moving atoms 
will occur within the field of the surface. We tentatively sug-
gest that the additional component added to curveB of Fig. 7 
to get curve B of Fig. 6 represents decays of2p vacancies in Si 
atoms emerging from the surface and decaying within the 
field of the surface. The component may be thought of as 
centered at approximately the location of both L 23 VV (ma-
trix) and L 23MM (atomic) transitions but broadened due to a 
mixing of the various outer-shell electron configurations. It 
is valuable to consider also ion-induced spectra of phos-
phorus and sulphur which have been recorded by Viel eta/. 3 
using these targets in compound form. For phosphorus and 
sulphur the lifetimes become yet shorter implying further 
increases in the fraction of sputtered atoms decaying close to 
the solid. One finds that for sulphur there are no distinct 
atomic lines at all and the spectrum has merged into a broad 
peak with distinct shoulders. For this case the decay length 
of 100-eV particles is only 2.33 A and 90% of all decays 
would occur within our assumed 5 A surface potential range. 
For phosphorus the conditions are intermediate with a 
broad underlying peak carrying weak individual atomic 
lines. We conclude then that the silicon spectrum has evi-
dence for a substantial component due to free atoms under-
going Auger decay while within the field of the surface. We 
suggest that our introduction of a broad Gaussian is a satis-
factory expedient for representing this component and al-
lowing us to separately consider the size and width of the 
atomic lines superimposed upon it. 
Let us turn now to the question of relative line intensi-
ties obtained from our fitting procedure. Comparing Table 
II with Table III, we see that for both aluminum and silicon 
we propose five decays from a 2p5 3s23p2 configuration; for 
aluminum the configuration is a neutral atom, for silicon it is 
a singly ionized particle. Since the electron configurations 
are the same it is reasonable to expect the relative line 
strengths, and hence transition probabilities to be in the 
same ratios for both cases. Transitions from the 2p53s23p2 
configuration to, respectively, 2p6 3s2e S ), 2p63s3pe P ), and 
2p63p2e P) levels are in the intensity ratios 0.23:1:0.07 for Al0 
and 0.45:1:0.09 for si+ 0 Transitions to the 2p63s3p CP) and 
2p63p2( 1D) states appear in both cases to be absent or of very 
low intensity. Similarly comparing magnesium and alumi-
num transitions from the 2p53s23p state to, respectively, the 
2p63se S) and 2p63p(2 P) states are in the ratio 1 :0.2 for Mg0 
and 1:0.4 for AI+. Dahl et aC have considered this ratio 
theoretically and show it to be 1:0.25. There is substantial 
uncertainty on a number of these lines since they occur at 
essentially the same energy as features from other configura-
tions; also we have made no correction for varying detection 
sensitivity. Nevertheless, the agreement of ratios for differ-
ent atomic species and also with the one theoretical estimate 
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is quite satisfactory. This observation gives us some confi-
dence that the assigned configurations are correct. 
The widths of atomic lines in these spectra are respec-
tively, for magnesium, aluminum, and silicon, 1.9, 2.8, and 
2.2 eV. Approximately one half this width is due to instru-
mental broadening. Assuming that the remaining width is 
due to Doppler broadening and taking into account the par-
ticular geometry of our analyzer we would conclude that the 
decaying atoms (and ions) have speeds of about 120 e V. 
The location of the line groups allows us to determine 
the energy of the parent level. For Mg +, AI+, and Si + spec-
tra the line location after fitting differs from the predicted 
positions in Tables I, II, and III by less than 0.3 eV, which is 
less than the inherent resolution of the analyzer. We would 
conclude therefore that the predicted lines are correct and 
that the energy of the parent levels is completely consistent 
with the values tabulated by Shirley et al. 1 1 For the neutral 
atom states our measured Auger energies are no more than 
2.5 eV from our estimated energies. From the fitting proce-
dure we derive the observed line energies and determine the 
parent level energies as follows: for Mg0 (2p53s23p) 50.6 eV, 
for Al0 (2p5 3s2 3p2 ) 73.8 eV, and for Si0(2p5 3s23p3 ) 101.1 eV. 
We can also use the fitting of the 2p-vacancy ion states to 
conclude that the energies are for Mg+ (2p4 3s2 3p) 127 eV for 
AI+ (2p4 3s23p2) 179 eV, and for Si+ (2p43s23p3) 242 eV. 
These are within, respectively, 2, 1, and 4 eV of our esti-
mates. We could, however, suggest that this latter group of 
energies should be treated with caution as the features on 
which they are based are weak and energies poorly defined. 
These various defined state energies are quite consistent with 
the Hartree--Fock predictions of Dahl et a!. 7 
VI. CONCLUSION 
The objective here was to reexamine the ion-induced 
Auger spectra of Mg, AI, and Si to provide a quantitative 
explanation of all observed features in terms of well-under-
stood mechanisms. For magnesium and aluminum this has 
been achieved and for silicon also there is a large measure of 
success. In general terms our original explanation' is shown 
to be correct. The underlying continuum is due to decay of 
atoms located in the matrix, superimposed on a true secon-
dary electron background. The sharp features are largely 
from sputtered neutral atoms in a configuration where one 
electron has been removed from a 2p shell but an electron 
also added to the 3p shell to maintain neutrality. The ener-
gies of these states have now been determined experimental-
ly by fitting to the observations. In all cases there are also 
lines from sputtered ions with single 2p vacancies that have 
energies that agree well with predictions based on well-estab-
lished energies. We also show quantitatively how sputtered 
ions with two 2p vacancies can account for a high-energy 
feature in all spectra. Relative transition probabilities for 
similar electron configurations are shown to be independent 
of the target and consistent with available theoretical predic-
tions. A critical factor in the identification of the lines has 
been the realization that for aluminum and silicon there is a 
discrepancy between the high-energy edge of the electron 
induced Auger spectrum and the rapid drop in the ion-in-
duced spectrum. This betrays the existence of additional 
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lines that must be identified. Explanations that the discrep-
ancy is due to band structure perturbations4 or to instrumen-
tal effects6 are shown to be unnecessary. 
Linewidths all exceed instrumental resolution and are 
interpreted as a Doppler broadening related to the speed of 
the sputtered particles; an average energy of some 100 e V is 
consistent with the observations. 
In the case of silicon we identify a 10-eV-wide feature 
that is due neither to matrix decays nor to decay of free 
atoms. We propose that this is due to atomic decays close to 
the surface where the fields cause energy levels to be broad-
ened into a continuous distribution. It is suggested that the 
work of Viel et aU on sulfur, where decay times are yet 
shorter, provides a further example of decay within the po-
tential field of the surface. 
The present data do not provide a quantitative measure 
of total Auger signal and cannot be used to compare with 
cross sections. We do, however, point out that a comparison 
of the recent absolute measurement of Auger flux by Hassel-
kamp and Scharmann 15 with the recent cross-section mea-
surements of Schneider et a/. 13 show that direct excitation in 
projectile-target collisions is capable of explaining the ob-
served Auger signal. 
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AUGER SPECTRA INDUCED BY ION IMPACT ON METALS 
K.O. LEGG, W.A. METZ and E.W. THOMAS 
School of Physics, Georgia Tech, Atlanta, Ga. 30332, U.S.A. 
The Auger electron spectra induced by 20-200 keV Ar+ ion impact on AI and Fe are examined and the spectral lines identi-
fied. For AI the spectrum is due to sputtered Al and At with one or two vacancies in the 2p shell. For Fe there are Doppler 
broadened lines from Ar plus subsidiary structure from interatomic transitions. 
1. Introduction 
Heavy ion impact on metal targets induces an 
intense emission of Auger electrons. The excitation 
mechanism is understood in terms of the electron 
promotion model of Barat and Lichten [I], involving 
the formation of a quasi-molecule AB from the 
interaction of a projectile A with an atom of the 
target B. The electron energy levels of the two parti-
cles are perturbed as they approach one another, 
allowing levels from one atom to become degenerate 
with levels of the second atom. This permits electron 
promotion from a filled inner shell on one atom to an 
unfilled shell on either atom, creating an inner shell 
hole which can subsequently decay by an Auger pro-
cess. We have studied the Auger spectra induced by 
heavy ion impact on metals. Taking as examples the 
cases of Ar+ on AI and Ar+ on Fe which are studied 
most closely in this paper, the simple promotion 
model would suggest that Ar+ on AI will result in 2p 
vacancies of Al while Ar+ on Fe will result in 2p 
vacancies of the projectile Ar. It is also possible that 
the collision cascade resulting from the projectile im-
pact will cause symmetric collisions AI + AI and Fe + 
Fe with sufficient energy to permit electron promo-
tions; in this case there will be vacancy production in 
the 2p level of the target species. 
We have performed a study of the Auger spectra 
induced by 20-200 keY Ar+ and Kt impact on Be, 
AI, Si, Cr, Mn, Fe, and Co. Due to space limitations 
this report will be restricted to discussion of Ar+ +AI 
and Ar+ + Fe which respectively represent cases where 
the vacancy production should occur in the 2p shell 
of the target (Ar+ +AI) and the 2p shell of the projec-
tile (Ar+ +Fe). Details of the other cases will be pre-
sented elsewhere [2]. 
The experimental arrangement consisted of an 
ultra high vacuum chamber capable of base pressures 
below 10-10 Torr linked via a differentially pumped 
beam line to a 20-200 ke V ion implantation acceler-
ator. A standard commercial cylindrical mirror ana-
lyzer (CMA) with an axial electron gun was used to 
monitor ion-induced electron emission and surface 
cleanliness. The ion beam was 95° from the CMA axis 
with the sample normal lying between and coplanar 
with the two axes at an angle of 60° from the ion 
beam. Electrons were detected in a 42° annulus about 
the CMA axis. Typical ion beam currents were 1-20 
J.1A in a 3 mm2 spot. The targets were polycrystalline 
AI and Fe mechanically and chemically polished fol-
lowed by further sputter cleaning with a 100 keV Ar.,. 
or Kr+ beam from the accelerator. The Auger spectra 
shown here were all taken in the differential mode 
commonly used in Auger measurements and built up 
over a period of several minutes using a multichannel 
analyzer to increase signal-to-noise ratio. 
2. Ar+ impact on aluminum 
The ion induced spectrum is shown in fig. I along 
with a conventional elctron induced spectrum for 
comparison; the spectrum is similar to that published 
earlier by Benazeth and others [ 4]. Clearly the major 
feature of the ion induced spectrum is at about the 
same energy as that in the electron induced spectrum; 
the feature is certainly due to filling of a 2p shell 
vacancy which is anticipated on the basis of the pro-
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Fig. I. Auger spectra induced by impact of 3 keY electrons 
and 100 keY Ar• incident on an aluminium target. The spec-
tra are taken in the derivative mode. 
motion model. The electron induced line shows a 
long tail to lower energies which causes the asym-
metry in the 67 eV peak; the tail is due to energy loss 
by electrons emitted below the surface of the target. 
No such tail is seen on the ion induced spectrum 
No such tail is seen on the ion induced spec-
trum. The electron induced spectrum shows a 
peak at 51 eV, 16 eV below the main peak, repre-
senting excitation of bulk plasmons; no such plas-
mon loss is seen 16 c V below the major peak of 
the ion induced spectrum. Oxidation of the alumi-
num surface causes a major change to the electron 
induced spectrum [3] due to alteration of the valence 
band structure; the ion induced spectrum remains 
unchanged on oxidation. Thus the ion induced Auger 
spectrum shows none of the characteristics expected 
for emission by an atom in the solid; there is no loss 
tail, no plasmon loss and no change on oxidation. 
Vrakking and Kroes [5] have recently argued that the 
Auger spectrum comes from atom-like structures 
formed deep in the solid within the disturbed region 
of the collision cascade. Cross sections for ionization 
of atoms are of the order 10-16 cm2 or greater so that 
an electron emerging from deep in the solid will 
almost certainly cause one or more ionization events 
with a loss of energy equal to the relevant ionization 
potential. Thus on oxidizing the surface there should 
be a large increase of a peak at 13.6 eV below the 
main Auger structure. While such a peak is indeed 
present (see fig. 1) it is observed for a clean aluminum 
surface and shows no change on oxidation. We there-
fore conclude that the Auger electrons come from 
aluminum atoms or ions sputtered out of the surface 
and not from deep in the solid as claimed by Vrak-
king and Kroes [5]. 
We propose that the major feature of the ion 
induced spectrum is due to sputtered neutral AI with 
a 2p vacancy having a 2p53s23p2 configuration. The 
energy of this state can be estimated as follows. 
E(2p53s23p2)-E(2p53s23p) for AI should be approx-
imately equal to the difference between 
E(2p63s2 3p2 ) and E(2p 63s23p) for Si; the latter dif-
ference is the ionization potential of Si which from 
standard tables [6] is 8.149 eV. Taking E(2p5 3s2 3p) 
for AI as 80.5 e V from the calculations of Shirley et 
a!. [7], we arrive at an energy of 72.35 e V for the 
2p5 3s23p2 configuration of Al. We can now calculate 
the energies of five transitions leading to fllling of the 
2p vacancy and ejection of an outer shell electron. 
2p 53s23p2 -+ 2p6 3s2 : EAuger 66.37 eV, (la) 
-+ 2p6 3s eP0 ): £Auger 61.74 eV, (I b) 
-+ 2p6 3s3p epO): EAuger 58.95 eV, (lc) 
....,. 2p6 3p2 en) : EAuger 55.78 eV, (ld) 
....,. 2p6 3p2 eP) : EAuger 54.71 eV, (le) 
In each case the energy of the final state is readily 
obtained from standard tables [5]. Transitions (1 b) 
and (I c) explain the principal peak in fig. 1; the 
cross-over point of the major peak is at about 61 eV. 
Transitions (ld) and (le) can explain the secondary 
peak at 56 eV. Transition Ia coincides with the shoul-
der on the main peak at 67 eV. In a similar manner 
we can identify the small peak at 76 eV as being due 
to decay of a neutral atom with two 2p vacancies; 
that is to say a 2p4 3s2 3p3 configuration. Finally the 
small peak at 49 eV can be identified as decay of an 
AI+ ion with a single 2p vacancy; a 2p53s2 3p configu-
ration. In summary the Auger spectrum induced by 
A/ on AI has the form expected for target atoms 
ejected out of the solid and the lines can be com-
pletely identified as due to one or two 2p vacancies in 
AI atoms or AI+ ions. 
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3. Ar+ impact on iron 
In fig. 2 we show the Auger spectrum induced by 
Ar+ of various energies incident on Fe. Unlike the 
aluminum case shown in fig. 1 the spectrum is not 
readily recognizable as being from an Fe target. 
According to the promotion model [ 1] vacancies 
should occur in the 2p shell of the argon projectile; 
this is the origin of the broad peak at about 216 e V 
which is simply the L23M23M23 transition of Ar. At 
about 45 e V there is a large peak which coincides 
exactly with the M23M45 M45 peak seen in the elec-
tron induced Auger spectrum of Fe. According to the 
promotion model an M2 3 vacancy (i.e. 3p vacancy) in 
Fe can occur in the direct Ar+ + Fe primary collision 
as well as in Fe + Fe collisions occurring in the calli· 
sion cascade. A second small peak at about 75 eV 
occurs in both the ion and electron induced spectra 
of Fe; it is probably the M1M45M45 transition of Fe. 
There remains a considerable additional structure in 
the region 90-200 eV that is not readily identified as 
arising from either Fe or Ar. 
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Fig. 2. Auger spectra induced by 20-200 keV Ar+ incident 
on an irong target. The spectra are taken in a derivative 
mode. The peak designated I-ll is identified as a Doppler· 
broadened LMM transition in backscattered argon. Peaks A 
and B are identified as interatomic transitions involving Ar 
vacancies filled by electrons from Fe (see text). Curves A to 
F are for 200, 100, 80, 60, 40 and 20 keV Ar+ ions respec-
tively. 
Let us examine first the Ar ~ 3M23M23 peak lying 
at about 216 eV. We can demonstrate that the chang-
ing line width is consistent with a Doppler shift of 
electron energy due to the source of electrons being 
backscattered Ar + ions. According to Werme et al. 
(8], the major feature of the ~ 3M23M23 transition 
from an isolated A/ ion is a group of lines lying 
between 203 and 206 eV. We can predict that if such 
a group were to be recorded using the derivative 
mode of our CMA and detector then there would be a 
conventional single peak with the positive excursion 
at about 203 eV and the negative excursion at 206 
eV. We perform the calculation for the case of ions 
scattered through 43° from their original direction 
and emitting their Auger electron in the direction of 
their motion. This seemingly arbitrary choice repre· 
sen ts scattering and electron emission in the plane of 
the incident ion beam, target surface normal and 
CMA axis, with the direction of motion directly 
towards one side of the CMA annular en trance aper-
ture. This choice will serve for an illustration of quali-
tative behaviour. The scattered Ar+ ion energy is cal-
culated from conservation of energy and momentum; 
the Doppler effect is computed from the formula 
given by Dahl et al. (9]. This Doppler shift is then 
added to the negative excursion of the expected peak 
from an isolated Ar ion and gives the points labeled I 
in fig. 2. For the geometry of the present experiment 
there will be very few particles scattered out of the 
surface and away from the detector giving a shift to 
lower electron energies. Thus the positive excursion 
of the Ar L2 3M2 3M2 3 peak should remain essentially 
unchanged with projectile energy; the expected posi-
tion of the positive excursion is indicated by the 
symbol II in fig. 2. The positions of points I and II 
evaluated in this manner do in fact agree quite well 
with the observed positions of the positive and nega-
tive excursions, confirming that the changes in peak 
shape and position are consistent with the Doppler 
effect. It is also clear that in the limit as projectile 
energy tends to zero the argon line extrapolates to 
the position expected for a free Ar + ion. We offer no 
definite explanation of the weak double peak seen on 
the argon line for 60 and 80 keY impact. We do note, 
however, that the backscattered energy spectrum of 
Ar• ions from polycrystalline materials is a broad 
continuum with superimposed a sharp peak due to 
surface scattering [I 0]; such an energy distribution 
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would produce a double peak structure on the nega-
tive excursion. 
In the region 90-200 e V there are other peaks 
which cannot be identified as due to Fe or to Ar. 
The peaks are not seen in an electron induced Auger 
spectrum of the target and are not seen when a differ-
ent heavy projectile is used (e.g. Kr +). We will argue 
that these features are interatomic Auger transitions 
involving a core hole in the projectile being filled by 
electrons for a neighboring Fe atom. The transitions 
are of the type LArMl-eMJ·e or LArMJ.eMAr where 
LA" LFe. etc., are energy levels of Ar and Fe atoms. 
Transitions of this type have been seen in a number 
of systems [I 1]. The interatomic transition rate 
depends on the spatial overlap of the initial hole state 
(LAr) and the annihilating electron state (MAr or 
MFc) as well as the initial state of the ejected electron 
and its continuum wave function. There appear to be 
two lines designated A and Bin fig. 2; line A extends 
from the positive excursion A1 to the negative excur-
sion at A2 and similarly the line B extends from B1 to 
B2 • Clearly the width of line A (measured as the 
energy h"A
2
- EA
1
) is small and decreases slightly 
from 13 to 6 e V as the projectile energy increases 
from 20 to 200 keY. By contrast the width of line B 
(H82 - E 81 ) increases with increasing projectile 
energy with the negative excursion moving to higher 
energy and the positive excursion remaining un-
changed; this behaviour is exactly similar to that of 
the argon Auger line therefore representing a Doppler 
effect and indicating that the source of the electrons 
is a moving projectile. We ascribe peak A to an Ar 
(L23) Fe (M 1, M23) transition whose energy can be 
estimated (from the binding energies of Shirley et al.) 
(7], to be 95.5 eV. The small decrease in peak width 
with increasing projectile energy is consistent with 
the "Berry effect" whereby the emitted electron is 
affected by the Coulomb fields of both the source ion 
(Fe) and the Ar projectile (13]. There is no Doppler 
effect because the source of the monitored electron is 
an Fe atom in the matrix. We ascribe peak B to a 
transition of the type Ar (L23) Fe (MJ) Ar (M23) 
whose energy from a stationary system should be [7] 
about 138 eV. The broadening with projectile energy 
occurs because the source of the detected electron is 
an argon projectile which is in motion. There are in 
fact at least eight interatomic transitions which occur 
in the region 90-200 eV and we do not claim posi-
tive identification of these two major peaks. We do, 
however, conclude that the structures A and B are 
interatomic transitions with the ejected electron com-
ing from an Fe atom for peak A and from the Ar 
atom for peak B. 
4. Conclusion 
The ion induced Auger spectra of metals occur due 
to electron promotion mechanisms and exhibit differ-
ent lines from those seen in electron induced spectra. 
For Ar+ on AI the vacancies occur in the L2 3 shell of 
AI and the spectrum is identified as being due to 
sputtered AI and AI+. For Ar+ on Fe the promotion 
model predicts vacancy formation in the 2p level of 
Ar. We observe a Doppler-broadened LMM line of Ar 
from backscattered atoms and also certain inter-
atomic transitions involving decays in the Ar Fe 
quasi-molecular system. 
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Identification of Auger spectra induced by Ar + and Kr + ion impact on 
transition metals 
K. 0. Legg, W. A. Metz, and E. W. Thomas 
School of Physics, Georgia Tech, Atlanta, Georgia 30332 
(Received 29 October 1979; accepted for publication 8 February 1980) 
The production of Auger electrons from Cr, Mn, Fe, and Co by 20-200-keV Ar+, 100-keV Kr +, 
and 3-keV electrons has been studied. The metal M 23M 4yM45 and the Argon LMM peaks are 
clearly identifiable, the latter broadened consistent with electron emission from backscattered 
Argon ions. Various other features are produced which cannot be due to target or projectile Auger 
emission. These are believed to result from interatomic transitions between the ions of the beam 
and those of the target. 
PACS numbers: 79.20.Nc, 79.20.Fv, 32.80.Hd 
I. INTRODUCTION 
Although Auger electron emission from gaseous tar-
gets under ion bombardment has been studied for many 
years, 1 relatively little data exist for ion bombarded solids. 
Because electron emission is particularly strong from some 
light elements, most of the work to date has concentrated on 
Be, Mg, AI and Si Refs. 2-12, although Li and Na, (Ref. 5) 
K, Ca, Sc, and V (Ref. 13), Ge (Ref. 14), Ag (Ref. 5), Ti 
xl 
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dN 0 __j 
dE 33 
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156 eV 
100 200 
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Cr 
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FIG. l. Auger spectra induced by impact of 3-keV electrons and 100-keV 
Ar and Kr ' on a chromium target. The various indicated features are 
identified in the text. 
(Refs. 8, 12, and 13), Cr (Refs. 8, 13), Fe (Ref. 8), and Cu 
(Refs. 5, 8, 14), the alloys Al-15% Mg and Fe3Al (Ref. 10) 
and the compound GaP (Ref. 12) have also been examined. 
The bombarding species has usually been Ar + in the energy 
range from a few ke V to several hundred ke V, although some 
workers have used He +- (Ref. 6), Ne +, and Xe + (Ref. 9), 
Kr + (Refs. 8 and 9), and protons. 15 The energy spectra of 
the emitted electrons usually comprise a low-energy secon-
dN 
dE 
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d 
146eV 
~07eV l 
~ 
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Kr 
ELECTRONS 
Mn 
100 200 300 
ENERGY (eV) 
FIG. 2. Auger spectra induc~d by impact of 3-keV electrons and 100-keV 
Ar ' and Kr · ions on a manganese target. The various indicated features 
are identified in the text. 
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FIG. 3. Auger spectra induced by impact of 3-keV electrons and 100-keV 
Ar · and Kr ' ions on an iron target. The various indicated features are 
identified in the text. 
dary electron peak, on which some workers have found a 
great deal of structure, 1 ~ 1 s with higher-energy Auger peaks 
from the target and the bombarding species up to about 300 
eV. 
The mechanism for formation of the inner-shell hole 
required to create an Auger electron is understood in terms 
of the electron promotion model of Barat and Lichten. 19 In 
this model, the electron energy levels of the two ions are 
perturbed as they approach each other, allowing levels on 
different ions to become degenerate. This permits electron 
promotion from a filled inner shell on one atom to an unfilled 
shell on either atom, creating an inner-shell hole which can 
subsequently decay by an Auger process. 
The ion-induced Auger spectrum is not identical to that 
observed with electron bombardment,7 •11 the metal peaks 
tending to be sharper, more symmetric and largely indepen-
dent of surface contamination. 20 We have proposed that in 
the case of Be, AI, and Si targets bombarded by Ar + the 
Auger electrons are primarily from sputtered neutral 
atoms.21 
In the work reported here we have examined in some 
detail the ion-induced Auger spectrum of transition metals 
(Cr, Mn, Fe, and Co) in order to understand the mechanisms 
giving rise to the Auger emission. 
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II. EXPERIMENTAL METHODS 
Our experimental arrangement consisted of an UHV 
chamber capable of base pressures below 10 -In Torr linked 
via a differentially pumped beam line to a 20-200-keV ion-
implantation accelerator. A standard commercial cylindri-
cal-mirror electron energy analyzer (CMA) with an axial 
electron gun was used to monitor ion-induced electron emis-
sion and surface cleanliness. 
The ion-beam axis was 95" from the CMA axis with the 
sample normal lying between, and coplanar with, the two 
axes at an angle of 60° or 65° from the ion beam. Thus elec-
trons were detected in an annulus 53°-137° from the ion 
beam. Ion-beam currents were between 1 and 20 f.iA, while 
the pressure varied from 7 X 10 10 to 6x 10-9 Torr with 
the beam on. Ion-beam energies of20-200 keV were used for 
all the data reported here. Comparison electron-induced 
Auger spectra were taken with a 3-keV 10-f.iA beam. Modu-
lation of the CMA was 5 V peak to peak. Polycrystalline 
samples of Cr, Mn, Fe, and Co were mechanically and 
chemically polished and cleaned in situ by 100 keV Ar + or 
Kr + bombardment to remove most of the carbon and oxy-
gen contamination. Specta were taken in the differential 
mode commonly used in Auger measurements and built up 
over a period of several minutes using a multichannel ana-
dN 
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FIG. 4. Auger spectra induced by impact of 3-keV electrons and 100-keV 
Ar ' and Kr ' ions on a cobalt target. The various indicated features are 
identified in the text. 
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TABLE L Relative intensities under 100-keV Ar' bombardment. 
Metal M2yM4 ;l~145 peak ArLMMpeak 
Cr 
Mn L2 0.9 
Fe 0.6 0.2 
Co 0.2 0.02 
L 2 , MM peak 
Si 7.3 0 
lyzer to increase the signal/noise ratio. The surface chemical 
composition was routinely monitored by Auger spectros-
copy. After cleaning the surfaces contained no more than 
0.02 monolayers of carbon and 0.2 mono layers of oxygen. 
The targets were periodically heated to 150 oc, but no at-
tempt was made to anneal ion-induced defects. 
Ill. RESULTS 
The Auger spectra of Cr, Mn, Fe, and Co are shown in 
Figs. 1-4 for 100-keV Ar + and Kr ' bombardment; for 
each case we show for comparison a spectrum induced by 3-
ke V electron impact. The spectra are as directly measured by 
the CMA and therefore the energies are referenced to vacu-
um. Certain features are readily identifiable. The lowest-en-
ergy peak on each ion-induced spectrum (indicated by the 
letter a on Figs. 1-4) occurs also under electron bombard-
ment and is well-known to be a M~3M45M45 transition in the 
target metal. At around 216 e V there is a broad peak which is 
observed under Ar 1 bombardment, but not for Kr 1 or 
electron impact. This peak is at the position expected for 
LMM transitions in Argon; the breadth will be explained 
Ru 
4d 
2p 
2s 
5f 
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FIG. 5. Correlation <iiagram for Ar +Fe wllisions. 
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FIG. 6. Correlation diagram for Kr 1 + Fe collisions. 
BINDING 
ENERGY (eV) 
1 
10 
later in terms of a Doppler effect due to the motion of the 
Argon projectiles. Between these two peaks there is a variety 
of additional structure particularly for Kr 1 on Cr and Ar + 
on Fe. These ion-induced spectra were independent of 
whether the surface was cleaned and analyzed with the same 
inert-gas ions or cleaned with one ion species and analyzed 
with the other. No time-dependent effects were observed 
once the surface was clean although on a dirty surface the 
metal M 23M 45M 45 peak was less pronounced than on a clean 
surface. The relative sizes of the various Auger peaks was 
. independent of beam intensity, beam focusing, and angle of 
incidence on the target. We are, therefore, confident that the 
various peaks are not artifacts of the apparatus nor of of the 
CMA. 
With some uncertainty in the beam current density dis-
tribution and detection sensitivity over the beam spot, it is 
not possible to measure absolutely the intensity of the var-
ious features. It is however, of interest to measure the rela-
tive intensity of the features utilizing fixed ion beam and 
detection conditions. For this purpose we define intensity as 
the peak-to-peak height of an Auger feature. In Table I we 
show the relative intensities of the metal M 23M 45M 45 peak 
and Ar L 23MM peak for Ar ,_ on Cr, Mn, Fe, and Co and the 
L 23MM peak ofSi for Ar + on Si; the values for Cr are set to 
unity. 
IV. DISCUSSION 
In Figs. 5 and 6 we show the Fe-Kr and Fe-Ar correla-
tion diagrams drawn according to the prescriptions ofBarat 
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and Lichten 19; the diagrams for the other target cases are 
approximately the same and have not been drawn here. Fig-
ure 5 shows immediately that strong promotions should oc-
cur from the 2p shell of Ar leading to LMM lines of Argon. 
This is in fact seen in Figs. 1-4 as the broad peak at about 216 
e V. From Fig. 6 we would expect no promotions from the 2p 
shell of Kr so explaining the absence of a Krypton LMM or 
LNN transition in the observed spectra. From both Figs. 5 
and 6 one would expect promotions from the 3p shell of the 
metal leading to M 23M 45M 45 Auger electrons. These are ob-
served as the lowest-energy peak in the ion-induced spectra 
of Figs. 1-4 and are also seen in the electron-induced spectra. 
Promotion of the metal 3p electron can occur also in sym-
metric collisions (e.g., Fe+ Fe) in the collision cascade. 
A. Metal M23M45M45 transitions 
These are the lowest -energy peaks, visible in all the 
spectra. The are indicated by the letter a on Figs. 1-4. The 
ion-induced Auger peaks show an increase in energy of 
about 1.7 eV over the corresponding peaks due to electron 
impact, although the width (measured as the energy differ-
ence between positive and negative excursions) is similar. 
The excitation event is caused by a collision between heavy 
particles resulting in substantial energy transfer to the ex-
cited atom. This motion oft he species which emits the Auger 
electron may give rise to shifts of the Auger line. If the ex-
cited species is ejected out oft he solid, the emitted line will be 
that of an isolated atom. Using the solid-state correction of 
Larkin22 and allowing for the work function, this should 
lower the Auger line energy for the 3d transition metals by 
about 4.5 ± 2 eV. This is not consistent with our observa-
tions which show an increase in Auger line energy. Auger 
electrons emitted by atoms ejected out of the target will also 
exhibit a Doppler shift and for the configuration of the pre-
sent experiment, the majority of sputtered atoms will move 
towards the observer causing an increase in the observed 
Auger line energy. This would produce a shift in the ob-
served direction, but we would require the ejected particle 
energies to be of the order of 2 ke V or more to explain the 
magnitude of the shift, calculated by the formula given by 
Dahl et a/., 23 which seems to be unreasonably high. We are, 
therefore, unable to offer any convincing explanation of the 
small energy shift of the metal M 23M 45M 45 lines. 
Table I shows that the M2.~M45M45 line intensity varies 
rapidly through the transition-metal series and is consider-
ably smaller than the LMM intensity for a light element such 
as Si. 
B. Metal M1M45M45 transitions 
Peaks seen weakly at 64, 74, 82, and 90 eV in Cr, Mn, 
Fe, and Co, respectively, are24 the metal M 1M 45M 45 Auger 
transitions; in Figs. 1-4 they are indicated by the letter b. 
According to the promotion diagram of Fig. 5 the metal 3s 
level should not be ionized by the direct projectile-target 
collision. Some more complicated event or sequence of 
events is taking place. Possibly a target atom recoiling from a 
projectile-target collision with a 3p vacancy collides subse-
4440 J. Appl. Phys., Vol. 51, No.8, August 1980 
quently with a further target atom causing the vacancy to be 
transferred to a 3s level. 
C. Ar LMM transitions 
The argon L~3M23M23 peak lying at about 216 eV in 
Figs. 1-4 is much broader than one would expect from an 
isolated stationary atom. We propose that the principal 
source of such electrons is Ar + ions scattered out of the 
surface and that the line width and shift is due to the Doppler 
effect related to the recoil speeds and directions of the Ar · 
ions. Figure 7 shows the Auger spectrum induced by Ar ' 
impact on Fe for a variety of projectile energies from 20 to 
200 ke V; the angle of incidence in this case is 65 c from the 
target surface normal. The negative excursion of the line 
shifts progressively to higher energies as projectile energy is 
increased; this is to be expected if the Auger electrons come 
primarily from Ar + ions scattered towards the observer 
and the average recoil energy increases with projectile ener-
gy. The most satisfactory method of confirming this conten-
tion would be to compute the line shape and compare to the 
experiment. This is not readily possible due to the complicat-
ed annular geometry of the CMA and the lack of detailed 
information on energy distributions of scattered Ar + ions. 
As an alternative we shall perform a simple calculation ofthe 
Doppler shift expected for recoils into a somewhat arbitrar-
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FIG. 7. Auger spectra induced by Ar ' impact on Fe at energies from 20 to 
200 keY. The various indicated features are identified in the text. 
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ily chosen direction and demonstrate that this is consistent 
with the progressive change in line shape. 
To perform the calculation we consider the case of 
Ar 1 ions scattered specularly from the surface; this should 
represent a direction where a large flux of projectiles will 
occur. We further consider only those Auger electrons emit-
ted in the plane of the projectile and recoil beams. The scat-
tered Ar + ion energy is calculated from conservation of 
energy and momentum in a biparticle Ar 1 +Fe collision 
on the surface. The Doppler shift is calculated from the for-
mula by Dahl et a!Y An Auger L 23M21M2J line from a sta-
tionary atom will have25 a group of lines between 203 and 
206 e V which in the derivative mode of recording spectra 
with our CMA will produce a single peak with a positive 
excursion at 203 eV and a negative excursion at 206 eV. We 
take the calculated shift obtained by the prescription given 
above and simply add it to 206 eV to provide a prediction of 
how the negative excursion should vary with projectile ener-
gy; this calculated energy is designated by the symbol I on 
Fig. 7. On this simple model there should be no downward 
shift of Auger electron energy since we include no projectiles 
scattered away from the observer; the positive excursion 
should therefore remain invariant with projectile energy at 
the stationary atom value of203 eV, and this is shown by the 
symbol II on Fig. 7. The positions of points I and II evaluat-
ed in this manner do in fact agree very well with the position 
of the negative and positive excursions, confirming that the 
changes in peak position and width are consistent with the 
Doppler effect. It is also clear that in the limit as projectile 
energy tends to zero the argon line position extrapolates to 
the value expected for a free Ar + ion. We offer no definite 
explanation of the weak structure seen on the negative excur-
sion of the argon line for60- and 80-keV impacts. We do note 
that the backscattered energy spectrum for Ar + ions on 
polycrystalline materials does show a broad continuum with 
a sharp peak superimposed due to surface scattering. 26 If 
recoils with L-shell vacancies have such an energy distribu-
tion, the Doppler-broadened line shape of the emitted Auger 
electrons will have a double-peak structure on the negative 
excursion. 
The lifetime of the argon L 23 vacancy is estimated by 
McGuire27 to be 3.5 X 10- 15 sec. Thus for an argon ion with 
a speed of2.2X 107 em sec -I (10-keV energy) the decay 
length is 7. 7 A. Recoils with low energy will therefore fre-
quently undergo the Auger decay event while still interact-
ing with the metal surface. Inevitably this will cause some 
shift or broadening of the emitted Auger line, further adding 
to the complexity of the line shape. 
The data in Table I shows that the cross section for 
excitation of the argon Auger line decreases rapidly with 
increasing atomic number. This in accord with the results 
found at lower energies. 13 ·28 
D. Kr Auger lines 
According to the promotion diagram of Fig. 6 one 
would have expected formation of 3d vacancies in Kr fol-
lowed by emission ofM45 NN Auger electrons at 63 eV.
24 No 
such line is observed. 
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The 97-eV line in the Kr + + Cr spectrum (Fig. 1) has 
an energy corresponding to that expected for a M 3M 45N 23 
transition in Kr. 24 According to Coghlan and Clausing24 this 
should be the most intense line resulting from a 3p vacancy. 
The line width (about 10 eV) is consistent with the Doppler 
broadening to be expected if the krypton atom is recoiling 
from the target. It is, however, puzzling that this line does 
not occur in the case of the other targets. Moreover, accord-
ing to Fig. 6 the 3p vacancy in Kr should not occur due to a 
single promotion in a Kr 1 collision with a target atom. We 
consequently regard the identification of this line as only 
tentative and offer no explanation as to why it occurs only 
for Cr targets. 
Discussion of the krypton spectrum in terms of the cor-
relation diagram of Fig. 6 is probably inadequate. Many of 
the curve crossings shown in Fig. 6 will be avoided; this oc-
curs specifically when the two intersecting levels have the 
same angular momentum and parity.29 Thus the 5g tJ level 
(connecting Kr 3d to the 5gstate of the united atom) will not 
cross the 4s tJ level (connecting Kr 4s to the 4s state of the 
tmited atom). Consequently, the apparently strong 5g pro-
motion shown in Fig. 6 will not occur and vacancies will not 
appear in the 3d level ofKr. This may explain the absence of 
the M 45NN transitions. We also note that the whole concept 
of "crossing" is questionable when the subshell splitting is 
comparable with the promotion energy,29 a situation which 
certainly holds for theM and N shells of the projectile and 
target. 
E. Other features 
In the Ar 1 ion induced spectra there are a number of 
weak features in the 90-200-eV region that cannot be identi-
fied as either metal or rare-gas Auger lines. Care was taken 
to ensure that they were not spurious or impurity related. 
Movement of these peaks with sample bias showed that they 
were not an artifact of the beam or of its interaction with, for 
example, the CMA aperture. They did not result from 
contaminants since they were independent of the surface 
condition after initial cleaning. Moreover, the only element 
with an Auger line close to our observed peaks is phospho-
rus, which was not detected in the electron-induced Auger 
spectrum. Deliberately implanting enough phosphorus to be 
detectable in the electron-induced Auger spectrum did not 
effect the ion-induced spectrum. 
It is impossible that the extra features are interatomic 
Auger peaks resulting from transitions between the bom-
barding and target ions. In this type of transition a core hole 
on one atom is filled by an electron either from that atom or 
from a neighboring atom, with the ejection of an Auger elec-
tron from the neighboring atom. Thus one obtains transi-
tions of the typeKAM8 M 8 or KAMAM8 , whereKA, K8 , 
etc., are energy levels on the atoms A and B. Transitions of 
this type have been seen in a number ofsystems.30•31 The 
interatomic transition rate depends on the spatial overlap of 
the initial hole state (KA) and the annihilating electron state 
(MA or M 8 ), as well as the initial state of the ejected electron 
and its continuum wave function. 
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When two atoms collide, the spatial overlap of different 
energy levels is greatly enhanced over the overlap in an alloy 
or compound. To create an Ar 2p hole in an Ar-Fe collision, 
for example, the nuclear separation must be less than about2H 
0.2 A. This would make possible a large number of interato-
mic transitions which cannot usually occur in alloys or 
compounds. 
From Figs. 5 and 6 it can be seen that the most readily 
ionized core levels of the projectile are the Ar 2p, Kr 3d, and 
possibly Kr 3p. Thus, to account for the peaks we observe, 
any interatomic transition must involve a core hole in one of 
these levels. Further, the ejected electron will probably come 
from a delocalized orbital such as Fe 3d or 4s or an orbital 
which tends to become delocalized during the collision such 
as Fe 3p, Ar 3p, Kr 3p, or Kr 4p. There are a large number of 
transitions of the type Ar (L23) Metal (MM) and Kr (M3 ) 
Metal (MM) which would produce Auger electrons in the 
energy range under consideration. Allowing for the resolu-
tion of the analyzer and possible small Doppler broadening 
effects, most of these transitions would not be resolved. It is 
also not possible to determine a priori which of tht many 
possible transitions are the most likely to occur. To illustrate 
that the interatomic transitions can provide an explanation 
of the observed features we shall concentrate on the case of 
Ar + colliding with Fe. Figure 7 shows the collisionally in-
duced Auger spectrum for this case as a function of projectile 
energy. There are two distinct lines indicated as a c and d, 
which lie well below the Ar LMM Auger group and do not 
appear in the electron-induced spectrum of the target mate-
rial (see Fig. 3). 
Peak c extends from a positive excursion at c 1 to a nega-
tive excursion at c2 • The width (measured as energy 
Ec, - E,,) decreases slightly from 13 to 6 e Y as the projectile 
energy increases from 20 to 200 keY. We ascribe this peak to 
an Ar (L23) Fe (M1, M 23 ) transition; from the solid-state 
binding energies of Coghlan and Clausing24 we would esti-
mate the energy of this transition to be91 eY which is in good 
agreement with the observed peak position. An interatomic 
transition will involve perturbed energy levels of the collid-
ing partners. Furthermore, the energy of the emitted elec-
tron will be depressed due to its interaction with the poten-
tial of the other atom; this causes a depression and 
broadening of the emitted line known as the "Berry" effect. 23 
This line broadening ~E 8 for a projectile of mass M (amu) 
with an energy T; (keY) interacting with a second atom of 
charge ne and having a core-hole lifetime of 7 sec is given 
by23 
n3 30X 10 
15 
( M ) 112 ~E8 = 1.07 b = 1.07 -· 
7 
T; eY. (1) 
Clearly the line width decreases with increasing projectile 
energy, in accordance with the observed behavior of line c. If 
we plot the line width as a function ofT, 112 and_n is taken as 
unity, then we derive an effective value of r of about 
3.3X 10 16 sec. In this time a 20-keY Art ion willfl!ove 
only about 1 A, and a 200-keV Ar t ion only about 3 A. It is 
therefore reasonable to argue that the decay of the Ar Ln 
vacancy occurs while the projectile interacts with the target 
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atom and therefore an interatomic transition is possible. 
This lifetime is, of course, and order of magnitude shorter 
than that of an isolated argon atom. 27 However, it is known 
that the interatomic transitions can greatly reduce hole life-
times30 and that the lifetime of L 23, shell vacancies are re-
duced by an order of magnitude when in a matrix.32 Thus 
our lifetime estimate is not unreasonable. There is no appre-
ciable Doppler effect because the source of the monitored 
electron is an Fe atom which is either at rest in the matrix or 
recoils with a relatively low velocity. It is to be noted that as 
projectile energy increases to 200 keY the magnitude of this 
peak becomes small compared with the other features. This 
is to be expected since with the increased projectile speed the 
time of interaction between projectile and target will de-
crease, so reducing the probability of an interatomic 
transition. 
Peak d has a width (Ed, -Ed,) which increases signifi-
cantly with increasing projectile energy. We ascribe this 
peak to a transition of the type Ar (L23) Fe (M1) Ar (M23) 
whose energy from a stationary system is about 135 eY. 24 
The increase of width with projectile energy is similar to that 
of the argon line designated I and II on Fig. 7. This shows 
that the width change is again a Doppler effect due to the fact 
that the observed electron comes from the projectile Ar 
which is in motion. 
There are in fact at least eight interatomic transitions 
for Ar + projectiles in the energy region 90-200 eY and we 
would not claim that the above discussion provides positive 
identification of peaks c and d. We do, however, conclude 
that these peaks are due to interatomic transitions and that 
the electron in peak c comes from an Fe atom in the matrix, 
and for peak d the electron comes from a moving projectile. 
We have also indicated the position of the corresponding 
transitions for Cr, Mn, Fe, and Co targets on Figs. 1-4 and 
there is a correspondence between observed features and the 
predicted line position particularly for Mn, Fe, and Co. 
In the case of krypton impact there are few distinct fea-
tures other than the metal M 23M 45M45 peak. In the case of 
Kr t on Cr, there is a distinct line at 97 eY which we have 
ascribed to the M 21M 45M 45 transition in krypton, meaning 
that in this case there are inner-shell vacancies produced in 
the projectile. The second subsidiary (peak eon Fig. 1) could 
be an Kr (M3 ) Cr (M23M 23 ) peak for which we would calcu-
late24 an energy of 124 eV in essential agreement with the 
observed peak position. In the remaining Kr t impact spec-
tra there is no definite identification of krypton peaks and no 
definite subsidiary structures. We would conclude that va-
cancy formation in the krypton has a small cross section and 
therefore interatomic lines (which involve the projectile va-
cancy) are not observed. 
CONCLUSIONS 
The Auger spectra induced by impact of Ar + and 
Kr 1 ions on Cr, Mn, Fe, and Co differ markedly from the 
spectra induced by electron impact on these same metals. 
The only common feature is excitation of the metal 
M1M4..,M45 and M23M45M45 lines which lie at quite low ener-
gies. Ar-t impact also produces the Doppler-broadened 
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L 23M 45M 45 line of argon whose width and shape is con sis tent 
with the primary source of electrons being projectiles scat-
tered out of the surface. Formation of the L 2 , vacancy is 
consistent with electron promotion during the interaction of 
the projectile with a target atom. With the possible exception 
of a 1\f23M 45M 45 line in Kr + + Cr collisions we identify no 
sizeable spectral features from krypton induced by Kr + im-
pact on the various targets. For Ar + impact there are a 
variety of additional features in the energy region 90--200 e V 
which cannot be identified as due either to the target system 
or to the projectile system. We propose that these lines are 
interatomic transitions where the vacancy created in the in-
ner shell of a projectile by the promotion mechanism is filled 
by a transition involving electrons of the target atom. 
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INNER SHELL VACANCIES IN SPUTTERED A TOMS 
E.W. THOMAS and R. WHALEY 
S chool of Physics, Georgia Institute of Technology, Atlanta, GA 30332, USA 
Impact of heavy ions (Ne +, Ar +) on surfaces of Mg, AI and Si are known to produce Auger spectra characteristic of 2p vacancies 
in the target species. Excitation is largely by recoil collisons in the target matrix leading to curve crossing events. A detailed modelling 
of the observed spectrum is performed which accounts for all significant features. An underlying continuum is shown to be due to 
secondary electrons and to decay of atoms in the matrix. An apparent discrepancy between the high energy edge of electron and ion 
induced spectra is due to a hitherto unidentified line in the ion induced spectrum. Dominant line features of the ion-induced spectra 
are due to sputtered neutral atoms with a single L-shell vacancy. Electron configurations and measured excitation energies are for Mg 
(2p53s2 3p) 50.6 eV, for AI (2p53s23p2 ) 73.8 eV and for Si (2p53s23p3 ) 101.1 eV. 
1. Introduction 
Auger spectra induced by impact of heavy ions (e.g. 
Ne+ and Ar +) on Mg, AI, and Si show a group of sharp 
lines superimposed on an underlying continuous back-
ground [1). Grant et al. [2] first pointed out that the 
underlying continuum is similar to the spectrum in-
duced by electron impact and suggested that the origin 
is decay by LVV transitions of atoms in the solid 
matrix. The line spectra bear no resemblance to L VV 
transitions of the matrix and have been variously 
ascribed to sputtered particles decaying in free space [1] 
to plasmon losses within the collision cascade [3] or to 
decays of "quasi-atomic" atoms displaced from normal 
lattice sites by the collision cascade [4). It is generally 
agreed that excitation is by formation of a 2p vacancy 
due to an adiabatic curve crossing event [1) ; since the 
spectra are similar for both Ne + and Ar + impact [5) the 
predominant excitation events are collisions between 
recoiling atoms rather than projectile- target events. 
We have previously suggested [1) that the sharp lines 
are due to sputtered atoms and ions with one L-shell 
vacancy. We were, however, unable to provide an accu-
rate match between predicted and observed line en-
ergies. The present work was undertaken to revise the 
identification of lines by providing a detailed model of 
the whole spectrum. We shall show that a key factor of 
this procedure is the identification of a hitherto unre-
vealed line. 
2. Experimental 
Auger spectra induced by 20- 200 keV Ne+ and Ar + 
impact on polycrystaHine Mg, AI and Si were recorded 
using the experimental facilities de cribed earlier [1]. 
0168-583X/ 84j $03.00 © Elsevier Science Publishers B.V. 
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The ion beam was produced by a conventional ion 
implanter and impacts on the surface at 70° to the 
surface normal. Auger spectra are analyzed with a con-
ventional Varian CMA placed with its axis at 95 ° to the 
ion beam direction. Spectra were generally similar to 
those we have presented earlier [1] but with an im-
proved energy resolution of 0.5 eV. We prefer to show 
the integral forms of the spectra believing that these 
provide a better indication of relative importance of 
features than do derivative spectra. In fig. 1 we show as 
JO.OO 70.00 110.00 
I 
c 
J O.OO 70.00 11 0 .00 
ENERGY (eV} 
Fig. 1. Auger spectrum induced by impact of 100 keV Ar + on 
AI. The data points are the experimental record, while the line 
through them is the result of our modelling procedure. Certain 
components of the model are also shown separately. Line (a) is 
the secondary electron and matrix decay component alone; line 
(b) represents the individual lines from one-electron vacancies 
in sputtered atoms and ions; line (c) is the matrix and line 
component due to two-electron vacancies; l.ine (d) represents 
the enhanced surface plasmon. 
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an example of the spectrum induced by Ar + impact on 
AI. This is similar to integral spectra published previ-
ously by Viel et al. (4) and i consistent also with 
derivative spectrum by Grant et a l. [1). 
The spectra for Mg, AI and Si are qualitatively 
si milar. There are three sharp peaks (labelled I, II and 
Ill) which are generally ascribed to an L shell vacancy 
in an atomic like state plus a fourth peak (IV) that is 
often ascribed to a double L shell vacancy. Underlying 
the peaks is a continuous distribution. We shall see later 
that there is in fact a fifth distinct line. 
3. Discussion 
To define our detailed modelling procedure we con-
centrate on the case of the AI spectrum shown in fig. 1. 
As a first step to understanding this spectrum we shall 
attempt to model the underlying continuum distri-
bution. We anticipate a contribution due to true sec-
ondary electrons peaking at low energies. This we de-
scribe by the function given by Sickafus [6] and we 
normalize this to the observed spectrum at low energies 
( < 20 eV) and high energies ( > 100 eV) where no 
atomic like features are anticipated . We expect also an 
LVV peak with a loss tail to lower energies that is due 
to decay of excited atoms in the matrix. This should be 
identical to an electron induced Auger spectrum and we 
record this within our own apparatus. The LVV compo-
nent must also be adjusted in magnitude to fit the 
observed spectrum. Anticipating our final result we 
show as line (a) in fig. 1 a sum of the Sickafus secondary 
electron function and L VV matrix decay that fits our 
data when combined with the various line predictions. 
A significant feature of this model component is that 
the high energy edge, established by the electron-in-
duced spectrum, lies about one volt below the edge of 
the ion-induced spectrum. Manipulation of the relative 
Table 1 
Proposed identification of lines in the aluminum spectrum. 
Species Transition Predicted 
magnitudes of the contributing components does not 
eliminate the discrepancy. The effect has been noted 
previously in AI by Baragiola [7] and is also seen in Si 
both in our own spectra and in the work of Wittmaack 
[5). We have examined the apparent shift carefully and 
conclude that it is real. Thus the apparent edge of the 
ion-induced spectrum is not at the same location as the 
L VV matrix transi tion edge. We shall see later that 
there is in fact an additional peak at this location due to 
an atomic transition. Identification of this peak is a 
major step in fixing the location of other atomic transi-
tions and the feature occurs also for Si as a very distinct 
shoulder. We shall for convenience refer to this as peak 
v. 
We turn now to the detailed identification of the 
peak. Following our previous work [1] we will identify 
peaks I, II, III and V as due to sputtered AI + and Al 0 
particles with single L-shell vacancies and peak IV as 
due to sputtered particles with two L-shell vacancies. 
We have proposed (1] that the neutral AI is in the state 
2p5 3s 2 3p2 ; thus an electron has been removed from the 
2p-shell but an electron added to the 3p-shell to main-
tain neutrality. We estimate the energy of this state to 
be 72.35 eV by an argument [1) that the difference 
between energies of a state 2p5 3s 2 3p2 and 2p5 3s 2 3p in 
an element of atomic number Z is the same as the 
energy difference between states of configuration 
2p6 3s 2 3p2 and 2p6 3s 2 3p in an element Z + 1. All re-
quired energies can be obtained from the work of Shir-
ley et al. [8] and of Moore [9). In table 1 we propose 
various transitions leading to decay of this state and 
estimate Auger electron energies. As indicated previ-
ously (1) these predicted transitions are in only ap-
proximate agreement with the observed features I and II 
in fig. 1. However the energy of the parent level is only 
a crude estimate and we may permit some variations in 
the energies of this group provided always that energy 
separation of lines is held fixed. If we raise the energy of 
Observed Peak 
Auger energy Auger energy identification 
AI + 
2p53s23p2 - 2p63s2 es) 
- 2p63s3p e P) 
- 2p63s3p e P) 
- 2p63p2 e D) 
- 2p63p2 e P> 
2p53s23p - 2p63s e s ) 
- 2p63p e P> 
2p4 3s23p2 - 2p53s3p e P) 
(eV) 
66.37 
61.74 
58.95 
55 .78 
54.71 
55.7 
49.0 
75 .3 
(eV) 
67.8 v 
62.2 I 
absent 
absent 
56.2 II 
55.7 II 
49.0 III 
76.0 IV 
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the 2p5 3s 2 3p2 state to 73.8 eV then all lines are shifted 
up by 1.45 eV and three of the proposed transitions 
agree exactly with the location of peak I, peak II and 
with the newly identified peak V. We suggested also [1] 
that lines due to decay of the 2p5 3s 2 3p state of AI + are 
present. The proposed transitions and their energies 
predicted from the work of Shirley et al. [8] and of 
Moore [9] are given also in table 1. In the case of these 
AI + lines the energy levels are well known and no 
significant error is anticipated; the two predicted Auger 
energies coincide exactly with peaks II and III of fig. 1. 
At this point we should also examine line IV which is 
generally ascribed [1 ,4,7] to a two electron vacancy. We 
propose that the line is a sputtered AI + ion with two 
L-sheU vacancies (2p4 3s2 3p2 ) and that decay is to a 
2p53s3p e P) configuration. We chose this particular 
decay path since the analogous transition in the one 
vacancy state appears to be responsible for the most 
intense Line of the AJ 0 spectrum; line I in fig. 1. Other 
transitions giving different final state configurations are 
of course also possible but if branching ratios are the 
same as for Al 0 the lines should be of negligible inten-
sity. The energy level of the parent level is estimated by 
assuming the energy difference between 2p43s2 3p2 and 
2p5 3s 2 3p2 configurations in AI is the same as that for 
the 2p5 3s 2 3p2 and 2p63s 2 3p2 states of Si. The energy 
difference for the Si states comes from the work of 
Shirley et al. (8] and the energy of the 2p53s 23p2 state of 
AI has been estimated above. The estimated energy of 
the parent level is 178.4 eV and the predicted energy of 
Auger electrons in the assumed transition is 75.3 eV 
agreeing almost exactly with the location peak IV in fig. 
1. The agreement is undoubtedly fortuitous as the en-
ergies of both parent and daughter level are crude 
estimates. We do not regard the present work as a 
unique identification of this feature. 
In principle we may now attempt a fit to the ob-
served spectrum. The underlying background has al-
ready been represented by a superposition of Sickafus 
function and the electron induced spectrum. Each indi-
vidual line given in table 1 is represented by a Gaussian 
line shape, Line width and height is adjusted to fit the 
observations. We a.lso permit a variation in line position 
(though not separation) for all lines from Al 0 to al.low 
for a possible error in estimate of parent level energy. 
Such a fitting allows a modelling of most major features 
but two areas of discrepancies occur. The first, and 
most obvious, is a broad feature underlying Line IV. 
This corresponds exactly to the expected location of 
matrix transitions from double L-shell vacancies. Such a 
feature is seen weakly on electron induced spectra. 
Apparently under ion impact this feature is more 
strongly excited. The second discrepancy is a weak 
feature to the low energy side of line III. This is 
precisely the location of the bulk plasmon in AI and 
while present in the electron induced spectrum is more 
intense under ion impact. To take these two features 
into account we add to the model broad Gaussian 
features centered at 74 and 49 eV. With these additions 
the observed spectrum can be reproduced exactly as is 
shown in fig. 1; the figure shows also certain of the 
individual components in the fit. 
4. Conclusion 
We would conclude that the general explanation of 
the ion-induced spectrum published earlier [1] is indeed 
correct. The general underlying background is due to 
true secondary electrons and to decay of vacancies 
created in atoms that are located in the matrix. The 
bulk plasmon peak and matrix component due to dou-
ble L-shell ionization are more prominent under ion 
impact than under electron impact. The line structure 
consists of five major peaks rather than the four peaks 
identified in all previous publications. AU peak loca-
tions can be explained in terms of decaying isolated 
atoms or ions. Line IV is appropriate to a double 
L-shell vacancy and the decay given in table I is a 
plausible though not unique explanation. Decay of the 
newly identified AJ 0 state with 2p53s 23p2 configuration 
would account for lines I, II and V; this requires the 
energy of the parent level to be 73.8 eV which agrees 
satisfactorily with our rough estimate of 72.35 eV. AI + 
with a 2p53s23p configuration can account for line III 
and would also contribute at the location of line II. The 
width of the Lines is about 1.5 eV which is consistent 
with a Doppler broadening due to recoil energies of the 
order 120 eV. This is quite consistent with the recoil 
energies expected in close encounters that give rise to 
inner shell vacancies. 
Space does not permit us to review in detail the 
interpreation of ion induced Auger spectra of Mg and 
Si; these will be published elsewhere. The general fea-
tures and explanations are however the same as we use 
here for the case of AI. The lines are due to neutral and 
singly ionized atoms with single or double L-shell 
vacancies ; the continuum is due entirely to secondary 
electrons and decay of vacancies in matrix atoms.' 
The results permit us to make some conclusions 
regarding energies of excited states and relative proba-
bilities of certain decay channels. The newly discoveered 
neutra.l state with L-shell vacancy has the following 
energies; for Mg (2p53s2 3p) 50.6 eV, for AI (2p53s2 3p2 ) 
73.8 eV and for Si (2p53s 2 3p3 ) 101.1 eV. The various 
decay channels shown in table 1 for Al 0 (2p5 3s 23p2 ) 
should occur also for Si +(2p53s 23p2 ) in an ion induced 
spectrum of an Si target. One might also expect that 
since electron configurations are identica.l the ratios of 
intensities in each case should be the same. This is in 
fact observed when we compare the fit to the aluminum 
spectrum with that for Si (not reproduced here). Refer-
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ring to table 1 we observe only transitions to the 2p3s 2 
( 1S), 2p6 3s3p eP) and 2p6 3p2 eP) levels and they are in 
the ratio 0.23 : 1 : 0.07 for aluminum and 0.45 : 1 : 0.09 
for si licon. The other two transitions postulated in table 
1 for AI 0 are not observed and neither do we detect the 
corresponding transitions in the Si +spectrum of si licon. 
This may si mply be due to low probabilities for these 
decay paths. For the three observed transi tions the 
intensity ratios, and therefore transi tion probabilities, 
are essentially the arne in AI 0 and Si +; differences are 
well within error estimates as some peaks may suffer 
distortion due to overlap with other structures particu-
larly in Si . 
The present conclusions permit us to reject many 
previous explanations of these spectra. Both Wittmaack 
(5) and Baragiola [7) have pointed out that there is an 
apparent discrepancy between the high energy edges of 
the electron and ion induced spectra . Baragiola [7] sug-
gests that thi s is due to a collisonally induced change in 
electron energy distribution of the solid ; Wittmaack [5) 
claims it is due to charging of the solid . We find that the 
discrepancy is due to the presence of an additional 
atomic peak from the ejected neutral particles. This 
identification shows that there are in fact five significant 
peaks (labelled 1- V) in the spectra of Mg, AI and Si not 
four as has been claimed previously by all workers in 
the area (1 ,4,7). The complete explanation of all peaks 
in terms of predictable atomic energy levels wo.111d ap-
pear to be in contradiction to the suggestion [3) that the 
smaller peaks are due to energy losses due to plasmon 
excitation in an excited lattice. It has often been sug-
gested [4) that the spectral features are related to decay 
of the atoms in a disturbed region created by the 
collision cascade. The present work shows that the 
underlying continuum is completely explainable by sec-
ondary electrons and decay in the unperturbed matrix ; 
the lines are entirely explicable as due to sputtered 
atoms and ions decaying in free space. These conclu-
sions are completely consistent with the work of Saiki 
and Tanaka [10) presented at this conference. 
This work was supported in part by the Solid State 
Chemistry program of the NSF under grant number 
DMR 80007. 
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Measurements are reported of the cross sections for desorption or sputtering of oxygen from 
po1ycrystalline Ti, and Fe by l-1+, H; and H; in the energy range 20 to 200 keY. At low energies 
the desorption cross sections are a few times 10-18 cm2 and are believed due to a conventional 
sputtering mechanism involving kinematic transfer of energy. At energies above 4') keY/p.-oton 
for Fe and 80 keY /proton for Ti the cross sections for desorption by molecular ions show a 
sharp rise indicating onset of some new inelastic desorption mechanism. We propose that this 
mechani~m is electron stimulated desorption initiated by electrons stripped from the projectiles 
and having the same speed as the projectile. 
1. Introduction 
Sputtering from solids has usually been modelled in terms of dynamical interac-
tions between the incoming particle and the lattice or in terms ' lf the crea tion of 
thermal spikes. Removal of atoms adsorbed on a surface should occur also by these 
sarne mechanisms. However removal of adsorbed species by electron impact {elec-
tron stimulated desorption or ESD) or by photon impact (photon stimulated 
desorption or PSD) cannot , at low energies, be due to a kinematic process and must 
instead be due to some sort of inelastic excitation mechanism. Typically ESD shows 
a sharp threshold energy indicating that a specific excitation process is involved in 
the desorption. The earliest picture of ESD formulated by Menzel and Gomer [ 1] 
and by Redhead [2] supposes that an incident electron excites a bonding (valence) 
electron into a nonbonding or antibonding state . The surface species is then 
assumed to be in a repulsive potential which causes it to be ejected. On this model 
ESD would exhibit a definite threshold related to the energy required to excite the 
bonding electron . While this picture may be adequate for a covalently bonded situa-
tion it does not explain desorption of ionically bonded species where s'weral elec-
trons must be removed before the adsorbate finds itself in a repulsive situation. 
Knotek and ·Feibelman [3-5] discuss ESD of ionically bonded species aP.d it is use· 
ful to consider as an example their consideration of o+ desorption from Ti02 . One 
would expect the oxygen to be bonded as 0 2- so that three electrons must be 
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removed to liberate o•; this cannot occur by the Menzel , Gomer , Redhead [I ,2 1 
model. Knotek and Feibelman provide convincing e·•idence that ESD from Ti02 
occurs by the electrons creating a 3p hole in the Ti which cannot be tilled by intra-
atomic Auger transition because the titanium is in a Ti4+ configuration with no 
outer shell electrons; instead there is an interatomic Auger transition involving 
removal of electrons from the 0 2- leaving it as 0 oro· and permitting desorption 0 
Knotek and Feibelman also suggest that deso rption can be initiated by inner shell 
excitation of the bonded species (e .g. the 2s shell of 0) followed by intra-atomic 
Auger decay reducing the number of electrons associated with the oxygen and 
again placing it in a repulsive situation in the fo rm 0° or o•. They point out that 
for desorption from Ti02 the energy involved in inner shell excitation of the oxy-
gen is insuflicien t to give rise to desorption as o• but might cause desorption as 
neutral 0. Clearly the position of the ESD threshold should show whether the inner 
shell excitation is of the substrate or of the adsorbate, and is a major factor in con-
firming the applicability of the mechanism . 
The purpose of the present experiment is to explore whether ion induced 
desorption might also occur by an inelastic excitation mechanism . We study the 
total oxygen sputtering (or deso rption) cross section as a function of ion energy 
between 20 and 200 keV for removing oxygen from titanium and iron by impact of 
H•, H;, and H;. To enhance the possibility of detecting inelastic processes we use 
light ions (the three molecular ions of hydrogen) rather than heavy ions (e .g. AO 
where conventional sputtering by kinematic energy transfer might dominate. 
2. Experiment 
The experiment arrangement has been described previously in the context of 
other experiments [6] and will not be discussed in detail. The targets are placed in 
a uhv chamber where they can be bombarded by an ion beam from an accelerator, 
incident at an angle of 60° from the st.:rface normal. A conventional cylindrical 
mirror Auger spectrometer views the target at 95° to the beam direction and is used 
to monitor the composition of the surface. The targets were electropolished poly-
crystalline high purity Ti anri Fe cleaned prior to use by low energy argon ion bom-
bardment. Typically the Auger spectrum of the nominally clean target showed a C 
and 0 contammation level of less than I O'Yc> of a monolayer. About one monolayer 
of oxygen was adsorbed at room temperature and at a pressure of 10-6 Torr. The 
approximate coverage was determined by continuous Auger monitoring and com-
paring the 0-KLL peak height with the data ofPalmberg (7). The oxygen was then 
pumped out and the target bombarded by a broad H•, H; , or H; beam centered 
about the Auger electron gun beam. The ion current density at the electron impact 
point was measured with a small aperture faraday cup. During sputtering, the 
0-KLL Auger signal was continuously monito red using 3 keV electron excitation. 
In order to check readsorption rates and to ensure that there was negligible electron 
- . 
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beam desorption, the same experiment was run with no ion beam. It should be 
noted that, because only the oxygen remaining on the surface was measured, only 
the total desorption cross section was determined. 
For sputtering with readsorption from the ambient the surface coverage at timet 
is given by the differential equation 
dN/dt =- (1/e) oN+ aPs(fll - N), (1) 
where N is the number density of adsorbed atoms (em - 2 ) at timet and N° is the 
number density for a monolayer coverage. 1 is current density and e electronic 
charge so 1/e is the number of incident ions em -2 s-•. The first term therefore 
represents collisional removal of adsorbed oxygen with a sputtering or desorption 
cross section a. The second term represents replacement of oxygen from the 
ambient gas with s being average sticking coefficient , P the partial pressure of oxy-
gen in the background gas a:1d a being a constant of proportionality (a= ('lnmkD- 112 
in ideal gas theory) . The formulation assumes that there are N° - N adsorption 
sites vacant at any one tim.~ and the sticking coefficient for these sites iss ; for the 
N sites already occupied the sticking coefficient· is zero and thus only one mono-
layer of oxide can be formed. Integrating, one arrives at the density as a function of 
time 
( 
fiJ aPs ) fiJ aPs 
N(t) = N(O) - ( / exp { - [(1/e)o + aPs ]}t + / , 
1 e) a+ aPs (1 e) a+ aPs 
(2) 
where N(O) is the coverage at time t = 0 when the oxygen atmosphere has been 
~ 
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Fig. I. Cross sections for desorption of oxygen adsorbed on Ti and Fe. Circles arc for the fe 
substrate; 'open circles for Hi iupa.:t; closed circles for llj impact; half filled circles for H+ im-
pact. The t·rosscs arc for Hi impa t on Ti. Data arc shown as the cross section per proton as a 
fu!"lction of energy per proton. The lines are meant only to guide the eye and do not represent 
measurements. 
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removed and bombardment by the ion beam is commenced. As t-+- oo 
N(t)-+- N(c.o) = Nlo:Ps/[(1/e)a + o:Ps ]. (3) 
We find that the 0 -KLL line shape does not change significantly during sputtering 
so we take the peak to peak height in the derivative spectrum as bein" proportional 
to adsorbate surface densit)( N(t). Plotting ln(N(t) - N(oo)] versus t yields a straight 
line of slope - ((1/e)a + o:Ps ]. We determine o:Ps from the rate of ris<! of N(t) with 
time when the ion beam is removed , and with our measured value of 1 (typically 
about 30 p.A em -2 ) we can evaluate the desorption cross section a. With the rela-
tively low sputtering rates involved ir. this work the equilibrium coverage N(oo) is 
attained at about half a monolayer so that the measured cross section is relevant 
only to the removal of the first one half monolayer. The inaccuracies in measuring 
N(oo) and in the experimental determination of current density 1 are the major 
factors contributing to the large scatter of the data P<?ints. 
In fig. 1 we show the cross sections for desorbing oxygen from Ti and Fe. For a 
projectile H~ the measured desorption cross sections have been dividE-d by n to give 
cross section per incident proton; the data are presented as a function of ir.cident 
energy +n, or energy per proton. 
3. Discussion 
The cross sections for removal of adsorbed oxygen by impact of H; and H; on 
iron (fig. 1) show a remarkable increase of more than an order of magnitude in the 
energy range 40 to 50 keV /nucleon. This effect is peculiar to the impact of molec-
ular ions as incident H+ shows a very low and energy invariant cross section. Similar 
features are exhibited by the cross section for removing oxygen from titanium 
although here the increase is only a factor of four and occurs at the somewhat 
higher energy of 80 keY/nucleon. To the best of our knowledge there is . only one 
previous direct measurement of oxygen removal by hydrogen ions, performed by 
ourselves (8], with an indirect optical technique. This previous work gives cross 
sections of about 1.6 to 3.5 X 10-18 cm 2/proton for removing 0 from Mo by 6.7 
to 20 keV /proton H+, H; and H;; these figures are quite comparable with the 
present data at low energies. 
Conventional sputtering theories involve consideration of kinematic energy 
transfer from the projectile to the target atoms either by direct projectile-target 
atom collisions or as the result of the collision cascade . Such calculations have been 
performed by Taglauer et al. [9], for" reinoval of S from Ni by H+ a.1d give cross 
sections of 2 to 6 X 10- 16 cm2 (depending on the model used) at 2.0 keV decreas-
ing towards higher impact energies. Sputtering of bulk metals by H·• at energies 
below I 0 keV has been studied extensively and fits a kinematic energy transfer 
model [IOJ. A typical sputtering coefficient (e.g., for re (10]) for 10 keV H+ im-
pact is 10-3 which implies a sputtering cross section of the order of 10-18 cm2 and 
-. 
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is roughly comparable with the low energy data in fig. I. None of the sputtering 
models involving kinematic energy transfer are capable of predicting rapid cross 
section rises such as those shown in fig. I. 
We would argue that the low cross sections exhibited for sputtering by H+ indi· 
cate that for this species one is observing only the effect of kinematic energy 
transfer. The cross section values are very similar to what one would expect from 
extrapolation of low energy sputtering data for homogeneous solids where kine-
matic energy transfer is certainly a satisfactory explanation of the ejection mecha-
nism; the cross section exhibits the expected (slow) decrease with increasing energy. 
If this is accepted then the present data for H; and H; impact at lower energies 
(E < 40 keY /proton for Fe and E < 80 keY / proton for Ti) could be explained also 
as due to kinematic energy transfer . 
The rapid cross section rises exhibited on fig . 1 must indicate the onset of some 
other ejection mechanism. The rapidity of the onset would strongly imply an 
inelastic process with a definite threshold. For guidance in the explanation of the 
high cross sections we must turn to the allied fields of electron and photon stimu-
lated desorption where removal of oxygen is related to inelastic excitation mecha-
nisms. 
Let us fust examine the possiOility that ionization of an inner shell electron by 
direct ion impact is the precursor to desorption. The threshold for ion-induced 
excitation of an inner shell will be at an ion energy equal to the required excitation 
energy . For excitation of L or M shell electrons from the adsorbate or substrate 
specie~ in the present experiments the threshold should be below 1 keY and cannot 
explain the sharp rise seen here at 40 or 80 keY. Moreover , an H; molecular ion 
should act simply as two hydrogen atoms or ions and there would not be the 
extreme difference between H+ and H; that we observe here. We must conclude 
that excitation of inner shells by the projectile is not the origin of the large desorp-
tion cross sections seen for H; although it might possibly represent a small under-
lying contribution at aJI energies. 
Let us focus now on the difference between H+ and H;. When a projectile tra-
verses a solid one finds at the exit point not only the heavy ion but also a consider-
able flux of electrons with a velocity distribution centered on the speed of the ion. 
In part these electrons arise from charge exchange to the continuum states of the 
projectile . For H; there is a second component [ 11] comprising electrons stripped 
from the projectile. A general discussion of mechanisms ieading to the production 
of electrons with speeds close to that of the ion is provided by Meckback and 
Baragiola [ ll]. A very significant observation is that the flux of electrons for H; 
impact can be 17 times greater than for H+ impact at the same speed [12) due to 
the efficient stripping mechanism. It is therefore clear that when H+ and H; are 
incident on a s'olid there is in addition to the ion core also a flux of energe~ic elec-
trons having a speed distribution peaked at the speed of the ion. If stripped projec-
tile electrons are responsible for initiating de orption then one should expect 
desorption by H; impact to be far more efficient than by H+ since there are more 
--. . 
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electrons associated with the molecule; this is, of course, in accord with the present 
data. 
Let us now examine the desorption mechanism under the assumption that elec-
trons are stripped from the projectile as it traverses the first monolayer and that 
these electrons moving with the same speed as the projectile cause elect ron st imu-
lated desorption . One would hope to lind that the rising cross sections , exhibited 
on fig . 1, occurs at tt:e same projectile velocity as one would expect electron stimu-
lated desorption to t!Xhibit a threshold. We shall consider the situation on the 
assumption that the oxygen is ionically bonded so that desorption should be in 
accordance with the Knotek and Feibelman model [3 - 5] which invokes inner shell 
ionization followed by Auger decay. The binding energy of the oxygen 2s electron 
in a solid is given as about 24 eY in the catalogue of Coghlan and Clausing [ 13 J and 
observed by Knotek and Feibelman [ 4] to lie at about 20 eY in a variety of ionic 
solids. Thus the threshold for ESD by excitation of the 2s oxygen shell would be 
20 to 24 eY. Hydrogen projectiles of energy 44 to 63.5 keY/nucleon would carry 
with them electrons of energy 20 to 24 eY . In fig. I the onset of the large cross 
section for removal •)f oxygen from Fe occurs at an H; ion energy of about 44 
keY/nucleon . Thus, the onset of the large desorption cross section occurs at a pro-
jectile energy where the projectile electrons are energetically ahle to excite the 2s 
shell of oxygen on the surface. We should also examine the magnitude of the 
desorption cross section. If electrons stripped from the H; projectile are the princi-
pal contributors to desorption then we expect one electron to every two protons. 
If indeed the electrons are causing desorption, via inner shell ionization , then the 
data of fig. 1 imply an electron ionization cross section for 2s electrons in bound 0 
of about 2 X 10- 16 cm 2 . While large this is not necessarily unreasonable as the total 
cross section for ionization of isolated atomic oxygen is estimated to be 5 X 10-17 
cm2 at 20 eY [l4). It is not clear at this point why a threshold at 44 keY is not also 
observed for desorption of oxygen from Ti. One would also anticipate, at a some-
what higher energy, the onse t of a second desorption mechanism when the convoy 
electrons are able to ionize the 3p electrons of the substrate nuclei leading to inter-
atomic Auger events leaving the adsorbate in a repulsive state. For Fe the binding 
energy of the 3p electrons is 56 eY [ 13] which could be excited by stripped projec-
tile electrons associated with I 02 keY/nucleon 11; ; this is outside our present 
energy range . For ESD of o• from bulk Ti0 2 by excitation of 3p electrons in Ti, 
the threshold is found experimentally to be 34 eY [3 ,4] which in our model would 
require electrons associated with 62 keY/proton projectiles; this energy is -some-
what below the point where the onset is observed . We would note, however, that 
the ESD data of Knotek and Feibelman for bulk Ti02 actually exhibits not only a 
34 eY threshold but also an equally large structure at about 44 eY that has the 
appearance of a threshold for a second mechanism. That apparent threshold at 44 
eY would require ele ;trans associated with 80 keY /nucleon projectiles which is 
about where we observe the increase in cross section. 
In summary, if the stripped projectile electrons are responsible for inner shell 
K. 0. Leg!{ ct at. / fllclastic mecha11ism for io11 inJuccd desorption 17 
excitation which, in turn , leads to desorption then the rise in desorption from Fe is 
completely consistent with excitation of the 2s electron in the oxygen and the rise 
in desorption from Ti is approximately where one expects excitation of the 3p level 
of titanium. There are , however, two problems with this explanation . On the one 
hand one would have expected 0 to desorb from Ti hy excitation of the 2s level in 
oxygen leading to a threshold at about 44 keV, the same as for desorptie- n from Fe. 
Secondly the threshold for desorption via excitation of the 3p l e v~! in Ti is 
expected to be at 62 keV /proton wrile we observe it slightly higher at 70 to 80 
keV /proton. These two apparent discrepancies do not necessarily cast doubt on our 
proposal that electrons are responsible, they may simply indicate inadequacies in 
our understanding of the ESD process . We must point out that the ESD work that 
we have used for comparison is in fact for ejection of o• ions fron1 th~ surface of 
bulk oxides (such as Ti0 2 ) not the total removal of adsorbed oxygen f10m the sur-
face of the bulk metal that we are studying here . 
We have some direct evidence of differences between bonding in the bulk oxide 
and adsorbed oxygen situations. One may study the energy loss spectmm for ~lee­
Irons scattered from a surface with adsorbed oxygen; peaks in the lo:-.s spectrum 
should represent energies at which interband tnnsitions and plasmc.n creation 
occur. For bulk Ti02 Knotek and Feibelman (3,4] find a loss peak at 32 eV which 
they identify as due to excitation of the Ti 3p electron leading to the conclusion 
that ESD should have a threshold at 32 eV; this is in fact the impact energy at 
which o• ESD commences. In our own work with adsorbed oxygen on a Ti su0-
strate the loss curve shows a strong peak at 44 eV which disappears when oxygen 
is removed. This peak has in fact been seen by others and explained as due either 
to excitation of a chemically shifted 3p electron of Ti (1 5] or excitation of a 
momentum conservation interbarid transition in the manner suggested by Viatskin 
(16). Whatever the explanation , if indeed the peak represents Lxcitation of a 3p 
electron in Ti one would expect an electron stimulated desorption threshold at 
44 eV and a threshold for desorption by stripped projectile electrons at a hydrogen 
projectile energy of 80 keY/ proton. In fact the ESD data for Ti02 by Knotek and 
Feibelman show a signilll:ant structure at 44 eV electron energy and the present 
ion induced desorption of adsorbed oxygen from Ti shows its rise at about 80 keV I 
proton. A similar situation exists in photon stimulated desc rption of o• from V 20 5 
(17] where the threshold is at the energy for exciti11g 3p electrons but there is a 
second very large structure at SO eV; this se ... ond structure occurs at the same 
energy as a peak in the electron energy loss spectra ofV 20 3 (18] which is ascribed 
to a momentum conservation interband transition. Irrespective of whether the 
explanation of these energy loss peaks is .correct it is clear that they art! related to 
structure in ESD and PSD studies and that their relative importance may depend 
on whether the oxygen is present as an adsorbate or in the bulk oxide ph1se . 
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4. Conclusions 
The 'cross sections for removal of adsorbed oxygen from Ti and Fe by impact 
of H•, H;, and H; are of the order 10-18 cm2/proton for low energy (20- 40 keY/ 
proton) impact and the removal mechanism presumably involves kinematic energy 
transfer from the projectile to the target. As energy is increased the cross section 
exhibits a sharp rise (at 40 to 50 keY/proton for Fe and circa 80 keY/proton for 
Ti) for removal by molecular ions (H; and H;) but no significant change for the 
monatomic species (H). The sharp rise cannot be explained on the basis of kine-
matic energy transfer mechanisms and must represent onset of desorption by an 
inelastic event. We postulate that the new process is. electron stimulated desorption 
initiated by electrons stripped from the projectile and having a speed distribution 
peaked sharply at the speed of the projectile. The flux of such electrons will be 
quite large for molecular ion impact where they arise primarily from stripping with 
a small contribution from charge transfer to the continuum; for the H+ projectile 
they arise only from charge transfer and will be of a much lower flux. On this basis 
we identify the sharp incr~ase of cross section for removal of adsorbed oxygen from 
iron as due to ionization of the 2s shell of 0 by stripped projectile electrons fol-
lowed by Auger processes leaving it in a repulsive state. The enhanced removal of 0 
from Ti is identified as due tc ionization , by stripped projectile electrons, of the 3p 
shell in Ti followed by interatomic Auger transitiom involving electrons from the 
oxygen leaving it in a repulsive configuration. 
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THE ROT A TIONAL POPULATION OF S PUTTERED N2 - EVIDENCE FOR HINDERED 
ROTATIONAL STATES 
E.W. THOMAS and L. EFSTATHI0U 
School of Physics, Georgia Tech., Atlanta, Ga 30331, USA 
We report on the study or excited 2 molecules sputtered from a + implanted Si urface by an + ion beam. Analysi or how 2 
emi sion inten ity varies with implant do e suggests that 2 molecule are formed by recombination or N atoms before being 
collisionally ejected by the sputtering me hanism. Such N 2 molecule , localized on the urrace, must inevitably exhibit a quantum 
mechanical rotational configuration that differs from an isolated molecule in free pace. We observed that the rotational state 
distribution implied by the rotational structure or the N2 emi ion is a non-Boltzmann distribution and we relate this to a hindered 
rotor configuration or the N 2 molecule when localized on the urrace. 
1. Introduction 
Battacharya et al. (1) reported that during + 
bombardment of Si an optical emi ion of N2 molecular 
line wa ob erved that increa ed with cumulative + 
do e. Apparently N + wa implanted fir t and then 
further bombardment sputtered the urface to reveal the 
implant and both eject and excite molecular pecies. 
The line tudied by Battacharya et al. (1] was the 3371 A 
band which is the 0 -+ 0 transition in the C 3 n-+ B 3 n 
band. We previou ly examined the detailed shape of the 
3371 A N2 transition [2) and howed that there was 
ub tantial rotational excitation which could be roughly 
characterized by an apparent rotational temperature of 
1100 K. In the pre ent work we re-examine thi phe-
nomenon to study the details of how inten ity build up 
with cumulative dose and to perform more detailed 
studie of the rotational line shape. 
The tudy of N2 emissions due to puttering of 
nitrogen implanted ilicon i the ubject of orne con-
trover y in the literature. Snowdon et al. [3] using low 
energy (0.5- 6 keV) Ni beam observe a broad band 
emt ton pectrum which they identify as due to 
puttered Ni in very high rotational tate ; an a socia-
tive ionization mechanism is u ed to explain the forma-
tion proce . Loxton et al. [4,5] criticize this work, 
claiming that orne of the ob erved feature identified 
by Snowdon et al. [3] are in fact puttered Si N. The 
work we report here sheds no light on thi controversy. 
The ob erved lines have been carefully measured and 
are due to the neutral N2 molecule a observed earlier 
by Battacharya et al. [1]; the line studied i neither from 
Ni as ob erved by Snowdon et al. [3) nor from Si N as 
ob erved by Loxton et al. [4]. The present work is 
performed with ion energies of 100 keY compared with 
the 6 keY used by Snowdon, Loxton and co-workers. It 
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is quite possible that the energy variation of excitation 
cro ections places our work in a somewhat different 
regime from that of Snowdon, Loxton and co-workers 
[3- 5). 
2. Experimental 
The general experimental arrangement i unchanged 
from that used in our previous tudie of collisionally 
induced light emi sion from sol.ids [6). Target are 
mounted on a standard manipulator, placed in a vacuum 
system with a base pres ure of 10- to Torr and 
bombarded with ion from a 20- 200 keY ion accelera-
tor at a doe rate of about 3 X 10t4 N + ion · cm - 2 • s - 1. 
Optical emi ion from the point of beam impact is 
analyzed with a 0.5 m scanning monochromator fitted 
with photomultiplier detection. The monochromator 
views the target through a sapphire window at an angle 
of 90° to the beam direction ; the beam impact on the 
surface at an angle of 60° to the normal. 
The ilicon target was a single crystal with the (111) 
face expo ed to the incoming ion beam. Preliminary 
heating of the cry tal to 250°C or putter cleaning with 
Ar + ion did not alter the observation reported here. 
The general procedure was to bombard the virgin 
cry tal with a 100 keY Ni beam and monitor the 
dependence of the 3371 A line inten ity on dose. The 
signal wa observed to rise and become con tant. After 
aturation had been achieved the complete spectrum 
was scanned (from 3000 to 5000 A) at a 2 A resolution 
to record the detailed shape of the 3371 A line, to 
e tablish background levels and to en ure no inter-
ference from other spectral sy terns. Very inten e emis-
ion of Si and Si + lines were also ob erved that were 
generally imilar to the spectra publi hed by others [7]. 
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There must be some concern when u ing an { 
beam to imultaneously implant and putter the target 
that ob erved N2 emission might be from the projectile 
beam passing through re idual gas in the target cham-
ber. To check this we first bombarded the target with 
N 2+ to reach a aturation intensity of N 2 emission and 
then changed the ion beam to Ar + (also at 100 keV). 
Under Ar + bombardment the same N 2 emi ion was 
ob erved and the intensity decrea ed with cumulative 
do e in a manner consistent with the putter ero ion of 
the N{ implanted region. We al o ub tituted + for 
the { beam and observed a imilar dependence of 2 
emi ion on dose and an identical N 2 rotational line 
hape. We conclude therefore that the ob erved 2 
emi ion is due to puttering of implanted and is not 
related to the beam u ed for sputtering. 
The data reported here was all obtained u ing 100 
keV N{ ion beam . We shall a sume that each incident 
molecular ion dissociates on impact and that further 
motion of the fragments is uncorrelated. Thu a 100 keV 
N{ ion is treated as two N + ions at 50 keV. Direct te t 
u ing an N + beam howed thi a umption to be valid. 
The N{ beam was used rather than + because a 
higher current was obtainable in our apparatu permit-
ting u e of higher optical re olution . 
We earched also for other lines related to nitrogen . 
A very weak emis ion of Si N wa ob erved con i tent 
with the reports of Loxton et al. [4). We ob erved also 
other weak emis ions of N 2 from the same spectral 
system as the 3371 A line; these included the 3577 A 
(0-+ 1) and 3805 A (0-+ 2) bands. The relative intensity 
of all three bands was in approximately the ratios 
ob erved in discharge pectra [8]. 
We tudied briefly the impact of { on a single 
cry tal Ge urface to determine whether 2 emis ions 
could al o be seen in thi case - no emi ion was 
ob erved . Performing Auger analy i of the ion 
implanted Si and Ge we found nitrogen only in the Si 
target with no significant trace in the Ge. We conclude 
therefore that no significant density of nitrogen build 
up in Ge under these circumstance and for this reason 
there i no nitrogen available to be puttered. 
3. Mechanism for N2 formation 
The fir t tep in an analy is of the ob ervation is to 
determine whether the N 2 molecule are formed before 
they are ejected or whether two atom are indepen-
dently sputtered and associate in pace to form the 
molecule. This question has a major bearing on under-
tanding rotational state distributions observed by opti-
cal emission. We show how one may distinguish be-
tween the two formation mechani m by studying the 
inten ity of emission as a function of implant do e. 
The relevant experimental ob ervation i given in fig. 
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Fig. L lnten ity of the 3371 A line as a function of do e for 
impact of 50 keV (or 100 keV Ni) on a Si target i shown a 
the olid line. Shown parallel to the dose scale is an estimate of 
ero ion depth derived a indicated in text. AI o indicated is a 
prediction of how intensity varies with dose if spullering i 
rela ted linearly ( + ) or quadratically ( x ) to surface concentra-
tion of . Prediction and experiment a re all relative and 
normalized together at aturation. 
1 where we how how emi ion inten ity of 3371 A band 
increa e with do e. The mea urement are taken with a 
16 A optical resolution to automatically integrate over 
all rotational tructures of ignificant inten ity. The 
data are very similar to that of Battacharya et al. [1) 
with signal rising from zero to attain a constant level. 
Following Battacharya et al. [1) we would explain this 
behaviour a due to putter ero ion of the urface down 
to the depth of the initial implant with imultaneous 
repleni hment of nitrogen at greater depths by implan-
ta tion. To model this behaviour in detail we mu t first 
e timate how surface density of varie with do e ince 
one would anticipate sputtering to occur principally 
from the urface monolayer. 
We con ider the implantation occurring during small 
time interval 81 centered on a eries of time steps 10 , 11, 
12 · · · 1,. . We suppose the interval to be ub tantially 
le than the time tep (i .e. 8-1 <i:: 1,. - 1, _ 1). At the fir t 
tep the ion are implanted for an interval 81 and are 
taken to be at a Gaussian depth di tribution of range 
R P and traggling L1 R P given by the table of Dearnaley 
et al. [9]. During the time between s tep the incoming 
ion beam putters a thickne s Ll x off the urface. Thus 
the depth di tribution of implant during the second 
interval 81 at the time 12 is centered at a distance of 
R P + Ll x from the original surface location. At the nth 
tep (time 1,. ) implantation i a Gau ian centered at a 
di tance R P - n.dx from the original surface. In this 
manner one may model the di tribution of implants 
with re pect to the original location of the urface. The 
den ity of implants on the surface at any time 1,. i 
obtained from the sum of the Gaus ian di tributions 
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occurring in the previou time tep evaluated at the 
location of the urface at the time tn; thi location will 
be at a distance nd from the original surface governed 
by puttering coefficient. 
Thi imple modelling procedure how that the 
maximum surface den ity of N, and therefore pre uma-
bly maximum N2 emission, occur when the depth 
eroded by the ion beam is equal to the range of the 
projectile . That i to say the urface has been eroded to 
the original depth of the implant maximum at the first 
time tep. From this we may calculate a value for 
puttering coefficient S in term of do e to maximum 
ignal trength N 0 (ions em -
2 
), projected range R P 
(em) and den ity of si licon atom of the target Ns;· 
S = RpNs;/N0 . (1) 
We u e R P from Dearnaley et al. [9] and Ns; from 
Andersen and Ziegler (10) leading to a value of S of 
0.53. Thi value of sputtering coefficient is in excellent 
agreement with a value for sputtering of pure Si given 
by Hofer and Liebl (11). 
From the variation of ignal with do e one may come 
to orne under tanding of how the molecule of 2 are 
formed. Two mechanisms may be envisaged. It is in 
principle po sible for two N atom to be imultaneously 
puttered from adjacent location o that the total en-
ergy in the center of mass frame of the two atoms i les 
than the binding energy of N 2 • In thi ca e the proba-
bility of ejecting any atom i proportional to the urface 
den ity of N and the probability of ejecting two atoms 
is proportional to the square of surface den ity. On the 
ba is of our general spectra which how no lines from 
atom we would urmise that ejection of excited 
under any circumstances is unlikely and ejection imul-
taneou ly with a second atom is not expected at all. 
Neverthele thi mechani m wa invoked by Snowdon 
et al. [3] at lower projectilve energies and mu t be 
con idered. Alternatively N2 molecule could be formed 
by recombination on (or in) the olid o that all the 
nitrogen pre ent i in the molecular form ; in this case 
the probability of ejection i linearly dependent on 
surface den ity. Thu a tudy of how N2 signal varies 
with urface density of N should in principle permit us 
to determine whether the formation of 2 occur before 
or after ejection. 
From the model described above one may estimate 
surface den ity of after different ero ion depth . 
Using the derived sputtering coefficient one may relate 
depth to projectile dose. In fig. 1 we how a plot of 
urface N density again t do e and al o the square of 
urface N den ity against dose; in both case the plot is 
normalized to experiment at high do e. It i observed 
tha t the linear relation hip of N density to dose fits the 
data exactly. We conclude therefore that the 2 mole-
cule form before the sputtering event and the molecule 
i ejected and excited a a ingle unit. Recombina tion to 
form molecules may occur at the urface after the has 
been revealed by ero ion; thi s mechani m i invoked for 
formation o f 0 2 on steel (12). Alternatively the 2 may 
be formed by some recombination mechani m in the 
bulk a ha been discovered for N formation in alkali 
halide (13). The present ob ervation do not permit 
differentation between these two mechani ms. 
4. Rotational tate populations 
The 2 molecule localized on the urface must inevi-
tably have a different rotational state configuration than 
a molecule in full pace. In principle the rotational tate 
population derived from the ob erved emission pec-
trum hould be related to the rotational configuration of 
the molecule on the surface before sputter ejection. 
We recorded the 3371 A band u ing a 2 Are olution. 
This i ub tantially greater than rotational line epara-
tion o that only the envelope of line inten itie can be 
recorded. The 3371 A transition ha both P and R 
branche with the R branch being concentrated near the 
band head. For the moment let us analyze the line 
shape on the assumption that only the P branch i 
pre ent. 
From the tandard reference on molecular spectros-
copy the frequency of a tran ition J -> J - 1 i given by. 
Jl = "o + Bu (J - 1) J - BJ (J + 1). (2) 
The value of the constants are taken from Herzberg 
[14] and for each upper rotational tate J one may 
determine frequency or wavelength of the tran ition . 
The measured line hape a a function of wavelength 
may then be re-drawn a inten ity as a function of 
rotational tate J . 
The inten ity of a transition i given by 
(3) 
Here A i a constant of proportionality, PJ is the state 
population and SJ is the Honi- London factor which i 
(J + 2)J j (J + 1) for the P branch of thi line (14). Thu 
dividing I by the Honl - London factor give a quantity 
proportional to population density PJ . In fig. 2 we plot 
In PJj 2J + 1 again t J(J + 1). If the population density 
were appropriate to a local thermodynamic equilibrium 
(L TE) situation of temperature T then a Boltzmann 
tate population should hold given by 
BJ(J + 1) he 
PJ = (2J+l)exp- kT , (4) 
where B i a constant associated with the molecule and 
h , c, k have their u ual meaning. If L TE hold then eq. 
(4) how that the plot of fig. 2 hould be a straight line 
from which T may be determined. Clearly thi i not the 
ca e. 
on-Boltzmann distribution of rotational tate in 
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Fig. 2. Plot of rotational tate population PJ as a functional of 
rota tional quantum number J plotted in the form In PJ / J 
(J + 1). Shown as a solid line is the experimental data for the 
3371 A band o f N2 exci ted by 50 keV N + (or 100 keV N2+ ) 
impact on Si. Population is derived by dividing intensi ty by the 
Honi - London factors. Also shown as a dashed- dotted line are 
the predictions for a hindered rotor model with an infinite 
con.ical well of half-angle 90°. 
molecules emerging from surfaces have been noted in a 
number of recent experiments; a good example is the 
work of Kleyn et al. [15) on rotational state populations 
of NO scattered from Ag. This observation ha been 
explained by Gadzuk et al. [16] in terms of a hindered 
rotor model to describe the molecule when it is attached 
to the surface. Certainly a molecule attached to a surface 
does not have the same rotational state description as a 
molecule in free pace. Gadzuk et al. [16] have for-
mulated the quantum mechanics of this state. They 
assume the molecule to be represented a a dumb-bell 
with one end located on the surface and the axis rotat-
ing in an infinite conical well of angle {3 ; for an inclina-
tion of molecular axis to the surface normal at an angle 
e the potential is zero for 0 .:5 f3 and infinity for f3 < e < 
90°. Angles 8 greater than 90° are of course impossible 
due to the presence of the surface. With this formula-
tion the hindered rotational states may be described and 
populated according to a Boltzmann di tribution ap-
propriate to the room temperature surface. Removal of 
the molecule is simulated by simply removing the 
hindering potential so that the molecule rotates freely . 
The rotational state population of the free rotor is 
simply given by the overlap integral between rotational 
states of the hindered and free rotational configuration . 
The result given by Gadzuk et al. [16) is a very dramatic 
non-Boltzmann distribution in the free rotor with oscil-
lations of population under some circum tance . 
We have applied this model directly to the prediction 
of rotational state populations of ejected N2 . We have 
shown above that the N2 molecule exists as a molecular 
entity before the sputtering event so that the hindered 
rotational states may be predicted by the theory of 
Gadzuk et al. [16). We assume the estate are thermally 
populated appropriate to a room temperature target. As 
a result of the sputtering event the hindering potential is 
removed, a free molecule re ult , and the rotational 
state di tribution can be evaluated by the overlap be-
tween hindered and free rotational configurations. We 
a ume that the ejection event transfers no rotational 
energy to the molecule . U ing the formulation of 
Gadzuk et al. [16] we may predict the rotational tate 
di tribution of the excited molecule and compare it with 
experiment; the sole unknown is the angle of the conical 
well. In fig. 2 we show a rotational state population 
prediction for a conical well angle 8 = 90° . The imula-
tion shows a general agreement with experiment and 
clearly predict a non-Boltzmann state distribution. Use 
of smaller well angles provides a le ati factory fit. 
It must be admitted that there are numerou inad-
equacie in the use of this experiment and thi model. 
The experiment includes an R-branch contribution tha t 
will increase signal at low J in fig. 2; the experiment 
also has a Limited re olution so obscuring detail. A 
simulation of these effect suggests that their inclusion 
would improve agreement between experiment and the-
ory. The computation isba ed on an infinite well that i 
clearly unrealistic. In view of large conical angle indi-
cated by our data one should repeat the computation 
for a molecule in a hindered rotor configuration where 
the hindering potential increa es as the angle between 
molecular axis and surface normal decreases; such a 
potential was envisaged by Gadzuk et al. [16] but no 
explicit calculations formulated . 
5. Conclusion 
During N; bombardment of Si we observe the 3371 
A band of N2 increa ing with dose to reach a plateau. 
We conclude that the implanted nitrogen is revealed by 
surface sputter erosion and is ejected and excited by 
particle impact. The dose dependence is con istent with 
the N2 molecule being formed on the surface by re-
combination before the collisional ejection event. A 
coefficient of 0.53 is deduced for sputtering of Si by 50 
keY N + incident at 60° to the surface normal. Analysis 
of the rotational line shape of the 3371 A band hows a 
non-Boltzmann di tribution. This is consistent with the 
use of the hindered rotor model of Gadzuk et a1. [16] to 
de cribe a molecule's rotation when bound to a surface. 
A simple formalism of the hindered rotor in term of an 
infinite conicaJ well i consi tent with our data provided 
the angie of the well is taken as 90°. Such an angle i 
quite feasible for a molecule where one atom is bound 
to the urface and the other is free to rotate. 
This work was supported in part by the Solid State 
Chemistry Program of the NSF under grant DMR 
8000671. 
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We present orne observations of the N2 and 0 2 molecular spectra induced by ion impact on solids. The N2 spectra are due to 
bombardment of a nitrogen implanted silicon sample. The 0 2 spectrum is from Ar + bombardment of a boron sample with ad orbed 
oxygen. The nitrogen spectrum shows rotational but not vibrational excitation. A model for its formation is proposed based on surface 
recombination followed by vibrational deactivation and ejection. The oxygen spectrum appears to contain fragments of the 
c 1 ~ ~ ..... X 3 ~; Herzberg II band system and exhibits high vibrational but no rotational excitation. 
1. Introduction 
We report here some recent observations concerning 
the excited states of sputtered molecule . In part the 
work was prompted by an apparent discrepancy be-
tween two previous reports on emis ion of nitrogen 
molecular lines when a silicon sample is bombarded by 
a nitrogen ion beam. In the early work of Battacharya et 
al. [I] the 3371 A band of neutral N2 is observed under 
10 keY N + or N2 bombardment. In the work of 
Snowdon et al. [2], usi ng 2 keY N/ beams the principal 
emissions observed were from variou states of the 
molecular nitrogen ion N 2+. In both the work of Bat-
tacharya et al . [ 1], and that of Snowdon et al. [2] , it is 
suggested that the nitrogen is implanted as individual 
atoms and either the molecule is formed on the surface 
and sputtered as one unit or else two individual atoms 
are sputtered independently and recombine as they 
emerge from the surface. There is an apparent dif-
ference between the two studies in that Battacharya et 
al. [I] , observe the neutral molecule and Snowdon et al . 
[2], observe an ejected molecular ion. It seems unlikely 
that these different observations can be due only to 
differences in cross sections for ejection processes. 
The present work was designed to study further the 
phenomenon of excited molecule ejection by particle 
impact. We study ejection of nitrogen from silicon by 
particle impact at energies between 20 and 200 keY as 
well as providing fragmentary information on ejection 
of molecular oxygen. The general objective is to study 
rotational and vibrational excitation in an attempt to 
understand the mechanism of the molecule's form ation. 
2. Experimental 
The general experimental arrangement is unchanged 
from that used in our previous studies of collisionally 
induced light erruss10n from solids [3]. Targets are 
mounted on a standard manipulator, placed in a vacuum 
system with a base pressure of 10 - IO Torr and 
bombarded with ions from a 20- 200 keY ion accelera-
tor. Optical emission from the point of beam impact is 
analyzed with a 0.5 m Jarrell- Ash scanning monochro-
mator fitted with photomultiplier detection and conven-
tional pulse counting electronics. The monochromator 
views the target through a sapphire window at an angle 
of 90° to the beam direction and at a 30° angle from the 
normal to the target's surface. 
The silicon targets were high purity, single crystal 
targets with the (Ill) face exposed to the incoming ion 
beam. For the work with boron we used a polycrystal-
line sample. 
3. Molecular nitrogen spectra 
When Si was bombarded with 100 keY N2+ we 
observed weak emissions of the second positive (C 3 Il ..... 
B 3 I1) system of N 2 including the 0 ..... 0, 0 ..... I and 0 ..... 2 
vibrational transitions. The emission intensity was zero 
when bombardment commenced and built up steadily. 
Following Bhattacharya et al . [1], we explain this build 
up as due to erosion of the surface leading to exposure 
of the ion implanted nitrogen on the surface. If the 
projectile is changed from N/ to Ar + one sees identi-
cal features implying that the nitrogen emission arises 
from sputtering of the implant and is in no way related 
to scattering of projectiles. In addition to the nitrogen 
lines there were intense emissions from sputtered Si and 
Si + . When molecular oxygen was introduced into the 
target chamber we observed an increase of the nitrogen 
intensity along with an increase in intensity of the many 
Si lines. The intensity ratios of the 0- 0, 0- 1 and 0- 2 
transi tions are in general agreement with the calculated 
Franck-Condon factors given by Lofthus and Krupenie 
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Fig. 1. The o ..... o spectral line in the C 3TI ..... B3 TI second posi-
tive sy tern of N 2 induced by 100 keY Ar + impact on an Si 
target implanted with N. Also hown i a calculated line shape 
assuming a ro tational state popultion appropriate to local 
thermodynamic equilibrium at a temperature of 1100 K. 
[4). We should note that the spectra show no evidence of 
the Nt emissions that are observed in the studies of 
Snowdon et al. [2), no evidence of atomic nitrogen 
system. 
A significant feature of these bands is that the lines 
are broad indicating significant rotational excitation. 
Due to the low signal strengths we were unable to 
employ a sufficient spectral resolution to permit a re-
cord showing individual rotational lines. We do, how-
ever, show in fig. I the envelope of the line shape 
obtained with a resolution of 4 A. There is obviously 
significant broadening indicating that many molecules 
are ejected in excited rotational states. It has often been 
noted [5) that the state population of electronically 
excited sputtered atoms is proportional to 
exp( - EJkT), where E; is the excitation energy of the 
state, k is Boltzmann's constant and T has the dimen-
sions of temperature. It has been argued in the past [5) 
that excitation occcurs in a collision cascade exhibiting 
local thermodynamic equilibrium; in this case T is the 
relevant temperature. However, if the L TE model is not 
appropriate then T is simply an empirical parameter. 
Without passing any judgement on the models we have 
computed the line shape for various values of T using 
the exponential term to predict relative population of 
rotational states. In fig. I we show the calculation for 
T= 1100 K and agreement with experiment is excellent. 
We note that in the consideration of electronically ex-
cited sputtered substrate atoms the value of T is nor-
mally found to be much higher [5), typically 3600-
5900 K. In summary we observe only the C 3 II u state 
formed in the lowest vibrational state with a rotational 
state population distribution that decreases exponen-
tially with excitation energy of the state. 
To provide some explanation of this phenomenon we 
may look for guidance to the studies of H 2 desorption 
from interstellar dust where the ejected molecules are 
found to be in a ground vibrational state with consider-
able rotational energy [6,7]. When two N atoms are on 
adjacent sites of the substrate they will be separated by 
some 4.5 A, strongly bonded to the surface and interact-
ing weakly with each other [6]. If one atom migrates to 
the adjacent site, as a result of a projectile impact, the 
two atoms will now strongly interact with each other 
and have an internuclear eparation comparable with 
that in a normal molecule ( 1.15 A, see ref. 4). The mole-
cule would, presumably, also have a high degree of 
rotational and vibrational energy and without some 
stabilizing event should spontaneously dissociate. If ta-
bilization occurs by some rotational transition, the 
molecule can remain bound and interact with surface 
atoms. Internal vibrational energy could be converted 
into kinetic energy away from the surface in a manner 
rather like the interaction of a compressed spring with a 
desk surface. When a molecule with a vibrational 
frequency of the order 10 15 s - 1 collides with a surface 
atom that surface atom cannot respond to absorb the 
vibrational energy if we assume maximum phonon fre-
quencies to be of the order 10 13 s - I . The molecule wiU 
thus rebound, transferring vibrational energy to kinetic 
energy and the system can be ejected while retaining a 
high degree of rotational energy. 
The C 3 Tiu state of N2 , in the separated atom limi t, 
is composed of a ground stateN atom and a metastable 
NeD0 ) atom. We would argue that the excited atom i 
not created by direct particle impact for this would 
presumably transfer sufficient energy to the nitrogen 
that it could escape the attractive bonding to the solid 
altogether. Rather it seems likely that the nitrogen atom 
could be excited by a secondary electron, a mechani m 
that would cause no transfer of kinetic energy. It is 
known that the secondary electron emission coefficient 
is higher for oxides than for pure materials, which might 
explain the increase of nitrogen signal when the sample 
is in an oxygen environment. Due to the excitation, the 
nitrogen atom will be Jess strongly bound and lateral 
surface migration would more readily occur. Barlow and 
Silk [7] (quoting an unpublished report by Hollenbach) 
estimate that the time for migration of H between 
adjacent surface sites of graphite is 3.7 X 10 - 5 s. If we 
assume that this figure gives the order of magnitude al o 
for the present case we require that the excited state 
lifetime be greater than 3. 7 X 10 - 5 s. The 2 D 0 state of 
N is in fact metastable with a quoted lifetime in excess 
of 10 5 s [8] so migration is certainly po sible before 
decay. 
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Fig. 2. A fragment o f the spectrum induced by Ar + impact on 
a boron target with ad orbed oxygen. The lines a re tentatively 
ident ified a due to c 1I - - X 3 I ;- transition of 0 2 between 
the vibra tional ta te ind ica ted. 
5. Molecular oxygen spectrum 
We have al o studied briefly the spectrum observed 
from boron with adsorbed oxygen. A boron ample is 
expo ed to oxygen at a pressure of 10 - s Torr, the gas 
removed, and the sample bombarded with 100 keY 
Ar + . A part of the observed spectrum is shown in fig. 2. 
There are a group of peaks that do not correspond to 
the tabulated wavelengths of BO, nor of 0 nor of B. 
Lines of B and B + are found at other wavelengths not 
shown here. We are able to identify these line only as 
transitions in the c 1l: ~ --.X 3l:; spectrum of 0 2 [9) ; 
the identification of vibrational states is shown on the 
figure. The c 1 l:~ state of 0 2 is in fact metastable, 
relatively weakly bound and with a large equilibrium 
internuclear separation. Mo t of the system has not 
previously been experimentally observed and the wave-
length quoted by K.rupenie [9) are largely from theoret-
ical predictions. These lines show no evidence of rota-
tional broadening. The lifetime for the c 1 l: ~ state is 
estimated by Slanger [I OJ to be 25- 50 s and if the 
molecule were to be ejected with any appreciable veloc-
ity the bulk of the emission would therefore come from 
regions outside the detector's field of view. The fact that 
signal is observed at all implies that the molecules reside 
on the surface and this is confirmed by ob erving paral-
lel to the surface whereupon no signal is detected. 
6. Discu ion 
The above ob ervations how two rather different 
ituation . The nitrogen spectra how con iderable rota-
tional excitation but no vibration. The oxygen spectrum 
seems to involve transitions not previously ob erved in 
conventional light sources and exhibit substantial 
vibrational excitation but no rotation. A comon feature 
of the two spectra is that both involve long lived meta-
table tates, of either the molecule it elf, in the ca e of 
0 2 , or of the constituent atom , in the cae of N2 . 
Thi work was upported in part by the Solid State 
Chemistry Program of the National Science Founda-
tion. 
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FORMATION OF CN - RADICALS BY ION IMPLANTATION 
W.A. METZ and E.W. THOMAS 
Georgia limitate of TedlllologJ'. Atlanta. Ga. 30331. U.S.A. 
Sequential implantation of C + and + ions into KCI is shown to result in formation of C - radical s. Detection of the CN - i 
by the characteristic optical emi ion of tha t molecule when the implanted cry tal is bombarded by He +. The quantity o f C -
formed has been tud ied as a function of energ of the implanted species (20 to 200 keV) and as a function of do e. The results arc 
con i tent with a model where an incoming ion A. slowed to re t, cau e a localized melting region of volume tlV and if a previously 
implanted species B is already present in thi volume then the molecule AB is formed by recombination. The molecule adopts a ca tion 
lattice ite after recrystallization. The localized melting volume correspond · to a region of radius 9.3 A which i roughly consis tent 
with unpublished molecular dynamics calculations 
l. Introduction 
We report here the formation of molecules within a 
solid as the result of the separate implantation of the 
molecule's constituent parts. The molecule in que tion is 
CN - created by sequential implantation of C and N 
into KCI. 
Some years ago Bazhin et al. [I] reported that when 
alkali halides exposed to damp air were bombarded 
with 20 keV H or He + they observed a molecular 
band spectrum that could be identified as due to CN - . 
The spectrum was exactly the same as reported earlier 
by Von der Heyden and Fischer [2] in studies of X-ray 
induced fluorescence of NaBr doped with NaCN. The 
bands were identified as vibrational structure in the 
D 2 II 1 _, X 
1 ~ + transition. Bazhin et al. [I] argued con-
vincingly that excitation of the CN was by recombina-
tion of excitons and these excitons were created by the 
impact of the incident H + or He + beam. However, 
they were unable to explain the nature of the reaction 
whereby CN - was created by ion impact on a crystal 
carrying an adsorbed gas layer. The present work is in 
large measure an extension of that by Bazhin et a!. 
Following Bazhin et al. [I] we propose that an He + 
beam incident on an alkali halide creates excitons within 
it range and these migrate to recombination sites. If 
recombination occurs where CN - is located then the 
molecule may be excited and the characteri tic spectrum 
emitted by its subsequent decay. Thus the emi sion of 
the CN - spectrum is a mea ure of the CN density 
along the projectile track. We take crystals of KCl, 
implant C and implant N to a definite doe and then 
monitor the amount of CN - by the intensity of the 
spectrum induced by He + impact. 
2. Experimental 
The target material were optical purity KCl crystals, 
cleaved to expose the (I 00) face before u e, and moun ted 
on a conventional target manipulator. The targets were 
placed in a uhv chamber capable of a 10 - lo Torr base 
pressure. A Jarrel- Ash 0.5 m scanning monochromator 
viewed the samples through a sapphire window; detec-
tion wa by a cooled photomultiplier serviced by con-
ventional pulse counting electronics. The optical system 
viewed at 30° to the target normal and at 90° from the 
incident beam direction. 
The ion beams were obtained from a 20 to 200 keV 
ion implanter. For implantation of C and N the beam 
was collimated to 4.8 mm diameter. For studies of the 
CN den ity so created we use the emission of CN -
molecular bands induced by He + impact; for this a 1.6 
mm diameter beam is employed so that emission was 
induced from the center of the implanted spot and 
non-uniformities at the implant edge were avoided. 
In a typical experiment the target was first cleaned 
by heating to 400°C. The target was then bombarded 
with He + , the optical spectrum recorded and the ab-
sence of CN - emission taken as indicating that no 
CN - is present as a contaminant. The sample is then 
implanted with C and then with N to some preselected 
dose using beam current densities of the order 
6p.Aj cm2. We then return to the He + beam, record the 
ion induced CN - spectrum and utilize the size of a 
vibrational peak (2730 A) as a relative measure of CN -
densities. 
All data were taken with room temperature target . 
Preliminary annealing to 250°C caused no change to the 
ob ervation . A typical observed spectrum is shown in 
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Fig. I. Typical CN - emjs ion spectrum induced by 100 keV 
He + on KCI dosed with 3X I0 15j cm2 of 100 keV c + and 
1.2 X I0 16j cm2 of ISO keV N +. The mot intense peak, a t 
2731 A, i identified as the 0 - 10 vibrational transition in the 
D 2 IT 1 - X 
1 ~ + decay. 
fig. I. The relative intensities of the different features 
are independent of the implant doses and energies of C 
and N as well as independent of the probing He + beam 
inten ity and energy. Thus we may monitor a single 
peak in the spectrum to provide a relative measure of 
CN - density. 
3. Discussion 
Fig. I shows a typical CN - em1 ston spectrum in-
duced by He + impact; the implant doses are shown in 
the figure caption, the spectrum was excited by 100 keV 
He + . This spectrum is identical to the spectra reported 
for CN - by Bazhin et al . [ 1], and identical to that 
reported for CN - by Von der Heyden and Fischer [2]. 
It is identified [I ,2] as due to a D 2 II 1 -+ X 
1 ~ + transi-
tion in CN - with the various peaks representing 0 -. v 
transitions where vi 7 to 12. 
In general terms the CN - signal increases with 
implant dose, is independent of dose rate, and is inde-
pendent of the order in which C and N is implanted. 
Sputter etching of the crystal gives only a slow decrease 
of CN - signal with surface ero ion showing that the 
CN - is in the bulk and not on the surface. There is no 
doubt that the CN - is formed by recombination of C 
and N as the result of their separate implantation into 
the substrate. 
The implantation of C and N a well as the analysis 
of the CN - density were all performed at room temper-
ature. We did , however, test the effect of heating the 
sample to 200°C after implantation to determine 
whether this might alter the den ity of CN - . No change 
was observed suggesting that thermal diffu ion of the 
implanted species was negligible. 
There are two major steps in the further under-
standing of these experiments. In the fir t place we mu t 
under tand the mechanism whereby the CN - is excited 
o that we know how to interpret the signal in terms of 
CN - density. Secondly we must try to understand how 
the CN - is formed . 
3.1. Excitation by He + 
When the CN - emission intensity is studied as a 
function of increasing He + beam current we observe 
first a linear increase, followed eventually by saturation 
at high current. This can be explained on the following 
basis employing three distinct molecular states. There is 
the ground state with a local number density Ps (CN -
ions cm - 3), the excited D 2 II 1 state with local density P, 
and the lower vibrationally excited state to which radia-
tive decay occurs having a local density Pk. Under 
helium bombardment the total density of CN - remains 
constant at a value Pr so that 
p r = P8 + P; + P k · (I) 
We can now write rate equations describing how the 
density of each state varies with time. If we assume 
excitation is by exciton recombination [I] and that the 
number of excitons is related linearly to beam current 
density l 8 then we can write 
dP1j dt = P8 Kcla - P;A;f· (2) 
Here the first term represents rate of excitation from the 
ground state and is proportional to both the density of 
ground state molecules and to the beam current density ; 
Ke is simply a constant of proportionality related to the 
rate of exciton formation. The second term repre ents 
spontaneous radiative decay from i to I with the transi-
tion probability A11 . The rate equation for the vibra-
tional excited state I is related to population by sponta-
neous radiative decay from the higher state i and de-
population to the ground state by some process having a 
transition probability A Is. 
dP1 j dt = P1A11 - P1A!s . (3) 
The experimental signals are all invariant with time o 
that equilibrium ha been established for the population 
densities. Setting the left hand sides of eqs. (2) and (3) 
to zero, identifying the rate of photon emission N. 
(photon cm- 3 s - 1) as P1A 11 , and manipulating eqs. 
(I )- (3) we arrive at 
PrKE!B 
(4) 
At this point we hould integrate the photon emission 
rate over the whole range of the He + ion allowing for 
the variation of exciton production rate with depth , and 
arrive at a total photon emission rate 'DL.(s - 1 ) . It is, 
however, clear that 'DL. is directly proportional to N. and 
will show the functional relationship to density of CN - , 
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Pr, and beam current 18 , given by eq. (4). To confirm 
the validity of the model we how in fig. 2 a plot of 
I 8 /GJL. as a function of I 8 which bows a traight line as 
predicted by eq. (4). We have performed detailed analy-
sis of the equation, particularly the proportionality con-
stant K0 , placed the data on an absolute basis and 
hown that the slope and intercept of fig. I may be 
predicted · the e considerations will, however, be rele-
gated to a more extensive forthcoming publication. One 
interesting result i that depopulation of the state f (to 
which radiative decay occurs) back to the ground tate 
mu t involve a transition rate AI& of the order 10 4 s - 1• 
Thi implies that the lifetimes of the vibrationally ex-
cited ground state systems are of the order 10 - 4 s. For 
the moment we need only conclude that the emission 
intensity is proportional to the density of CN - pro-
vided a constant beam current densty and only a single 
beam energy are used. In practice the data to be pre-
sented later were all taken with 100 keV He + at a 
current density of about 50 p.A cm- 2 which i sufficient 
to cause saturation in eq. (4). 
3.2. Formation of CN -
Whatever may be the details of the recombination 
mechanism we would certainly expect that the density 
of CN - would be directly proportional to the local 
density of C and to the local density of N. Thus the 
total amount of CN - formed in the crystal should be 
proportional to the convolution of the respective im-
plant depth distributions, integrated over the full depth 
probed by the incoming beams. In fig. 3 we show the 
relative CN - signal for a C implant at a fixed energy of 
100 keV and N implants at a variety of energies. In-
cluded is the integral of the convolution between the 
two depth distributions evaluated u ing the formula-
tions of Dearnaley et al. (3). Experiment and computa-
z 
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Fig. 2. Plot of lu /'!IL. against I 8 fo r He + impact on a crystal 
with implanted C and . Here 18 i beam current densi ty, CJL. 
i emission in ten ity of the CN - band in arbitrary unj ts. The 
traight Hne confirms vaHdity of eq. {4). 
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Fig. 3. A curve howing CN - den ity as a function of + 
implant energy fo r a fixed dose of C + implanted a t 100 keV. 
Also shown is a theoretical computation of the overlap between 
the range dis tribution of the two implanted specie . The 
experimental data is normalized to computation at 100 keV. 
tion are in good agreement showing the amount of 
CN - formed is proportional to the product of den ities 
of C and of N. 
One approach to the mechanism of CN - formation 
is simply to argue that the molecule is formed only 
when an N comes to rest on a lattice ite occupied 
already by C (or vice-versa). If thi were the case then to 
saturate the CN - signal in a sample previously im-
planted with C would require anN dose of one atom for 
every lattice ite within the projectile's range. Saturation 
doses are in fact an order of magnitude lower. 
Landman has recently shown by a molecular dy-
namics imulation technique (4) that when a foreign 
atom is introduced into a perfect crystal there is created 
a local region of melting which per i ts for the order of 
10 - IJ s before recrystallization occurs. We adopt this 
model to explain the pre ent data. The incident N 
comes to rest, a volume av becomes temporarily dis-
ordered, if a C exists within this volume the C and N 
recombine and after recrystallization adopt a cation 
lattice site. Thus for anN + dose of DN per unit area a 
total volume D N av has been probed and when this 
volume is equal to the total volume with.in the projectile 
range di tribution (equal roughly to an area of unity 
times twice the half width of the range di tribution, 
6 R p) we should have achieved saturation. In fig. 4 we 
show the CN - emission signal as a function of N + 
dose as excited by the incident N + them elves. We see 
that the CN - signal saturates at a do e of about 
10 X 10 15 N + ions cm- 2 independent of the pre-existing 
C + dose. A trivial calculation, u ing the range data of 
Dearnaley et al. [3), shows the volume 6V to be 3.4 X 
10 - 21 cm3 corresponding to a spherical region of radius 
9.3 A. This figure is in qualitative agreement with the 
simulation of Landman that implies a melting over a 
region of the order of four lattice spacings. 
We might further inquire whether the C and N 
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Fig. 4. In ten ity of C - emi ion as a funct ion of dose (at 
115 keY) for various preliminary doe of at 100 keY. The 
CN - emi ion i induced by the N it elL The triangle points 
arc for a preliminary C + do c of 8 X I 0 15 ion j cm2 and the 
square arc for a dose of 2 10 15 ion j cm2• Saturation occurs 
at an N dose independent of the preliminary C dose. 
atom might reasonably recombine within the 10 - I J s 
that the melt region exi t . There is a dearth of informa-
tion on recombination in high den ity system but tbi 
problem i now being tackled for the fir t time by 
Flannery [6]. He estimate a recombination coefficient 
of the order 10 - ? cml - 1 for recombination of Kr + 
and F - in Ar. If we were to a ume uch a recombina-
tion rate wa al o approximately valid here and apply it 
to the high density molten region of 9.3 A radiu con-
taining one C and one N we arrive at an average 
recombination time of 3.4 X I 0 - l 4 . Since the molten 
region is estimated by Landman to per ist for at lea t 
10 - u s there i adequate time for the molecule to be 
formed before recrystallization. 
4. Conclu ion 
We have hown unambiguou ly that equential im-
plantation of C and N into KCI give ri e to the 
formation of the CN - radical. We have propo ed that 
a an ion comes to rest in the lattice it cau e a localized 
melted region and if the other molecular con tituent is 
pre ent in this region recombination occur to form 
CN - . The density of CN - created in thi manner i 
related to the convolution of the implant depth distribu-
tion . 
Thi work wa supported in part by the Solid State 
Chemistry Program of the National Science Founda-
tion. 
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Formation of CN- radicals by sequential implantation of carbon and 
nitrogen ions into KCI 
W. A. Metz and E. W. Thomas 
School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332 
(Received.l4 December 1981; accepted for publication 4 February 1982) 
It is shown that the sequential implantation of20-200 keV e+ and N+ ions into a Kel crystal 
gives rise to formation of the eN- molecular configuration. Detection of the eN- is by the 
characteristic luminescence spectrum induced when He+ ions are incident on the implanted 
target, a technique which represents a direct in situ determination of their presence. It is shown 
how the ion-induced optical emission may be used to provide a routine relative measurement of 
the quantity of eN- present. We describe a phenomenological model of the formation process 
which leads to the conclusion that each incoming ion searches a volume of the target 
approximately 3.4 X w-zr cm3 in extent and has a unit probability of combining with an atom of 
the other species lying in this region. This model explains why saturation of the eN- density 
occurs at aN+ dose independent of the quantity ofe+ implanted previously. 
PAeS numbers: 61.70.Tm 
I. INTRODUCTION 
The purpose of this work was to study formation of 
eN- radicals by the sequential ion implantation of the con-
stituent e and N into alkali halide crystals. The eN- so 
formed was detected by the optical emission of characteristic 
eN- bands when the implanted target is subject to bom-
bardment by a beam of energetic light ions, specifically 100 
keV He+. Thus the molecular configuration formed by im-
plantation is detected while located in the bulk of the crystal 
lattice. There are numerous previous studies of molecules 
ejected out of solids by the impact of energetic beams, in-
cluding observations of complexes formed by implanted and 
substrate particles as well as molecules of the substrate itself. 
In such cases, however, the molecular complex is detected 
after it has left the surface and it is not clear whether the 
complex existed before it was sputtered or was formed dur-
ing ejection as a consequence of the sputtering process itself. 
The present work is unique in that the molecule formed, the 
eN- radical, is detected while it is still located in the bulk of 
the target matrix. 
Numerous fundamental studies have been made of the 
eN- radical introduced chemically into an alkali halide ma-
trix. At temperatures below 78 OK the eN- occupies an 
equilibrium orientation along the (100) direction of the 
crystal lattice1•2 ; above 78 oK it is free to rotate about its 
lattice site. Broadening of the emission bands is ascribed to 
the influence of phonons. As temperature is reduced, 
linewidth decreases becoming comparable, at liquid nitro-
gen temperatures, to that of the free radical. Phonon fre-
quencies are small compared with the relevant molecular 
frequencies so there is little coupling and phonon potentials 
may be well approximated by parabolic curves. As a result 
line broadening is uniform. 1•2 
This study was largely motivated by the previous work 
of Bazhin et a!. 3 where various gases containing N and e 
atoms were adsorbed onto the surface of alkali halide crys-
tals and then bombarded with He+ or H + ions giving rise to 
emission of a vibrational band system that was identified as 
theD 2ll1-+X
2!.2 band system of eN- with transitions from 
the v = 0 upper vibrational state to v = 6 to 11 vibrational 
levels in the lower electronic state. The emission spectrum 
was identical to that observed under electron and ion-in-
duced fluorescence of alkali halide crystals doped with eN 
and identical to that observed previously by Von der Heyden 
eta!. 4 in the U- V induced fluorescence of alkali halide crys-
tals doped with eN. Moreover some of the observed lines 
correspond to fragments of a eN- spectrum identified by 
Douglas and Routly5 in the gas discharge spectrum of eN. 
The present work differs conceptually from that of Bazhin et 
a!. 3 in that here we implant the molecular constituents and 
Bazhin et a!. adsorb the constituents on the surface. The 
spectra are, however, identical in the two cases and we may 
confidently rely on the conclusion of Bazhin eta!. 3 that the 
spectrum is indeed that of eN-. Bazhin eta!. also concluded 
that excitation of the eN- radical occurs by recombination 
of an exciton at the eN- site and that these excitons are 
created by the incoming projectile beam used to induce emis-
sion of the bands. This conclusion was based on the observed 
behavior of emission intensity with target temperature 
which mirrored the expected behavior of exciton mobility 
and density. Important confirming evidence3 was the obser-
vation that the characteristic eN- emission was not pro-
duced in NaBr for which the band gap (and hence exciton 
energy) is 6. 71 e V and inadequate to excite the observed 
eN- state for which the excitation energy is 7.0 eV. In the 
present work the emission exhibits the same characteristics 
so we again rely on the conclusions ofBazhin et aC· that the 
observed emission is due to excitons created by an incoming 
ion beam. In summary, then, we shall utilize the work of 
Bazhin et aU and Von der Heyden et a/.4 to identify the 
emission bands as due to eN- and rely on the work ofBaz-
hin eta!. 3 to establish that excitation under ion beam impact 
is due to the excitons created by the ion beam itself. 
The present studies involve two distinct parts. In gener-
al, we commence by implanting into a Kel crystal both e+ 
and N+ ions, the order of implantation is immaterial. We 
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believe the evidence indicates that the eN- radicals are 
formed directly as a result of this implantation. Subsequent-
ly, we bombard the target with a light ion beam, generally 
He+, and observe emission of an optical band spectrum 
characteristic of eN-. In order to quantitatively relate the 
observed emission intensity to the density of eN- and to 
explore thereby the formation of the eN- radical, we must 
first have some clear understanding of the excitation mecha-
nism induced by the He+ ions. Thus the present report in-
cludes both a detailed discussion of the excitation process as 
well as a discussion of the formation of the eN- radical. 
II. EXPERIMENTAL APPROACH 
The source of the ions for both implantation and excita-
tion was a type 200 MPR ion implanter by Accelerators, Inc. 
It has a useful energy range of20-200 keV, uses a hot cath-
ode source capable of producing ions of any species, and is 
provided with conventional mass analysis and collimation 
facilities to ensure a well-defined ion beam incident on the 
surface. Ion beam current can be monitored on a Faraday 
cup placed behind the last defining aperture before the beam 
is incident on the target. The experimental system is shown 
schematically in Fig. I, and is based on a small chamber 
placed at the end of the beam line. The chamber has a stan-
dard manipulator for holding targets and is ion pumped to a 
base pressure of w- 10 Torr before the ion beam is intro-
duced. Differentially pumped beam line sections isolate the 
experimental system from the relatively poor vacuum of the 
accelerator. 
The target was viewed through a sapphire window at an 
angle of 90• to the incoming beam. A Jarrel Ash 0.5 meter 
scanning monochromator with photomultiplier detection 
was used for detection and analysis of the optical emission 
from the target. The optical spectrum was recorded by scan-
ning the monochromator and either displaying the photo-
multiplier output on a pen recorder or else on a multichannel 
scaler. The latter recording system is generally employed 
since it permits digital information that can be readily ana-
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FIG. I. Experimental arrangement. 
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lyzed by a computer. The monochromator has a resolution 
of 16 A/mm and was generally employed with a resolution 
of 48 A to maximize signal levels. Improved resolution to 2 
A causes no change to the relative intensity of spectral fea-
tures that we are recording here. 
The work reported here was confined to Kel crystals, 
although brief studies were made with Nael and exhibited 
similar results. The crystals were optical quality materials 
freshly cleaved to expose the ( 1 00) face before insertion in the 
vacuum system. Before use they were heated to 250 •e and 
then bombarded with He+ ions to confirm that there was no 
measurable signal from eN- radicals before commence-
ment of measurements. Sputter cleaning with Ar+ was 
shown not to influence the observations and was not normal-
ly employed. 
Implantation of thee+ and N+ ions was with beam 
densities of the order 1-50 pA/cm2 and the beam was ras-
tered over the 5-mm entrance aperture of the chamber to 
ensure a uniform implant. The analyzing He+ beam used to 
induce emission was collimated to a 1. 5-mm diameter to en-
sure that the observed emission was from the center of the 
implant and not influenced by irregularities at the edge of the 
implanted region. The targets were always placed with their 
normal at 60• to the incoming beam and the optical observa-
tions made at an angle of 90• to the incoming beam. When 
probing with a He+ beam a projectile energy of 100 ke V was 
employed. Minor changes to incidence angle disclosed no 
substantial changes of emission intensity, confirming that 
the projectiles were not incident in a channeling direction. 
Reference to standard tables6• 7 confirms that the range of the 
probing He+ beams substantially exceeds the depth distri-
bution of the implanted e+ and N+. All implantation and 
analysis with He+ beams was performed at room tempera-
ture (20 •q. 
Figure 2 shows a typical observed spectrum induced by 
impact of He+ on a crystal that has been previously implant-
ed with e+ and N+. In all significant respects the relative 
line intensities and line positions of the structures between 
2300 and 3400 A are the same as those recorded by Bazhin et 
a/. 3 and by von der Heyden et a/.4 and ascribed by both 
groups of authors to the emission from excited eN- radi-
cals. The relative magnitudes of line intensities were inde-
pendent of the conditions used for formation and for excita-
tion; moreover, they show no change as spectral resolution is 
2500 3000 3500 4000 
WAVELENGTH A (A) 
FIG. 2. Typical CN emission band spectrum induced by a 1-,uA 100 
keY He' ion beam incident of a KCl crystal that has a preliminary 
dose of 6.3 X 10 14 ions em_, of 80 keY C" and 6.3 x 10 14 ions em_, of 
80 keV N+. 
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altered from 48 to 2 A. Thus in order to monitor emission 
intensity from eN- on a relative basis as a function of exci-
tation or of formation conditions, it is sufficient to record 
only the magnitude of one peak rather than integrating the 
whole spectrum. In practice we used a record of the 2730 A 
peak for this purpose. 
The intensity of the emission bands was a function of 
the nitrogen and carbon implant doses and of their energy. 
This is an observation that will be discussed later. The inten-
sity was not a function of the time delay between implanting 
C and N, not a function of the time delay before analyzing 
with the He+ beam, and was not influenced by cycling the 
target temperature between room temperature and 250 oc. 
Thus, there is no evidence that the C and N migrate from 
their implanted position over long time periods. The intensi-
ty of the eN- bands was a function of the analyzing He+ 
beam current, a feature that must be understood if the emis-
sion intensity is to be related to the density ofCN. The signal 
was not, however, related to the time for which the crystal 
was exposed to the analyzing beam (i.e., not related to He+ 
dose). Radiation damage caused by bombardment with the 
probing beam does not, therefore, appear to influence the 
density of CN-. 
Observation of the CN- bands is not peculiar to a He+ 
probing beam. Similar spectra are seen under bombardment 
by H+, by Ar+ and other heavy ions, as well as under bom-
bardment by electrons. For the present studies we wish to 
employ a probing beam that has a range greater than the 
implant depth and that will exhibit no chemical reaction 
with any of the other species present. For these reasons we 
chose to utilize He+. 
For completeness we also note that the crystals used 
here exhibited negligible absorption in the spectral region 
studied, even after the implantation and analysis procedures. 
Therefore the spectral structures shown in Fig. 2 and the 
changes of intensity to be discussed later are in no way relat-
ed to alterations of the absorption coefficients of the crystal. 
Ill. IDENTIFICATION OF THE SPECTRUM 
In all essential respects the typical spectrum presented 
in Fig. 2 is identical to that presented by Bazhin et a/.,3 and 
by Von der Heyden et a/.,4 with the lines being about 0.12 eV 
in width and 0.26 eV in separation. The relative intensities of 
the lines are independent of formation and excitation condi-
tions and identical to those presented by the earlier workers. 
Implantation of other species (oxygen and rare gas ions) did 
not create this spectrum, nor did the implantation of c+ or 
N+ alone. We conclude, therefore, that the emission is in-
deed from eN- and that the radical has been created as a 
result of the implantation of both c+ and N+ into the 
crystal. 
There is a certain element of confusion regarding the 
precise identification of the levels involved in these transi-
tions. All evidence points to the lower state being the X 1 ~ + 
ground state and that the various lines represent transitions 
to various vibrational levels of this state. The line separation 
(0.26 eV) is in good agreement with the vibrational level 
spacing in the ground state given by Herzberg8 (0.256 eV). 
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There is, however, confusion as to whether the excited state 
is the v = 0 level of the D 2 I/1 state or the v = 0 level of the 
a3 II state. Bazhin eta/. 3 point out that the intense lines have 
the same wavelength as those observed in gas phase dis-
charges by Douglas and Routly5 and ascribed by them to the 
transitions from the D 2 I/1 level. By contrast Von der Heyden 
et a/. 4 perform some primitive calculations of potential 
curves and conclude that the excited state is the a31/ state. 
Recently Ha and Zumofen9 have performed detailed calcu-
lations of energy levels and predict similar energies for the 
a31/ state. However, the calculations of Ha and Zumofen 
also include predictions of Franck Condon factors which 
show that the v = 0 to v = 0 transition should be the most 
intense with the intensity decreasing as one goes to higher 
vibrational energies of the ground state; this is clearly not in 
accord with the observations. We prefer to continue to as-
cribe the emission to the D 2 n, excited state. In fact, identifi-
cation of the level has little impact on the work that follows. 
There is no doubt that the source of emission is the eN-
radical and that it has been created as a result of the sequen-
tial implantation of c+ and N+. 
IV. MECHANISM FOR EXCITATION OF CN-
In order to interpret the emission intensities in terms of 
eN- densities one must first understand the mechanism by 
which the radical is excited. Figure 3 shows the CN- emis-
sion intensity as a function of He+ ion beam current density 
and clearly there is a saturation effect characteristic of two 
competing processes coming into equilibrium. We propose 
that there are three states involved in the process of excita-
tion and decay. There are radicals in the initial ground state 
with a density JV'f.N, radicals in the excited state with a den-
sity'"/V~N and radicals in the daughter level to which radia-
tive decay takes place (in fact the vibrationally excited level 
of the ground state) with a density JV{N. It is observed that 
the optical signal is independent of He+ dose implying that 
the CN- is formed by the implantation and not by the detec-
tion technique so that the total eN- density is constant at a 
Value. V~N allowing US tO write 
.. 
• 
• • 
••• 
• 
• 
• • • 
• 
0o 5 10 15 20 
He+ BEAM CURRENT DENSITY {f-1-Aicm2 ) 
FIG. 3. Intensity at 2730 A as a function of probing 100 keY He+ 
beam current density. The two samples are implanted with a prelimi-
nary dose of 100 keY c+ at 5.5X 10' 4 ions em-'. Both samples have a 
preliminary N + dose of 7 X 1015 ions em- 2; the square data points at 
100 keY and the circular data points at 50 keY. 
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JV~N = v-Vb + ~;j/~N + , 'V{N . ( 1) 
Let us first consider the density of excitons that are 
responsible for excitation of the eN- from the ground state. 
Since the observed emission intensity is invariant with time 
the exciton density must be constant with the rate of exciton 
formation equal to the rate of loss. We can write the follow-
ing phenomenological equation: 
IB (T,.;J/·c = Nex ./f/~1 S 1• (2) 
The left hand side represents formation at a rate proportion-
al to the incident beam current density, I 8 (ions em-
2 sec- 1 ), 
the number density of sites at which excitons may be created 
./V.e (em-\ and a constant of proportionality CT (cm2) being 
the cross section for exciton production. The term on the 
right represents exciton loss being proportional to the local 
number density of excitons Ne, (em - 3), to the density ofloss 
sites ./r·, (cm- 3), and with a constant or proportionality S1 
having the form of the product of loss cross section and ve-
locity with which the excitons drift through the crystal. 
From this expression one can derive the density of excitons. 
(3) 
As a first approximation we would argue that this expression 
may be taken as independent of penetration depth in the 
region of the CN- formed by implantation. The rate of for-
mation will depend on the projectile energy and this will, of 
course, vary with depth of penetration. However, the range 
of the implanted C and N is of the order 2000 A for the 
energies used here7 and is some ten times shorter than the 
range of the 100 ke V probing He+ beam. 6 The energy loss by 
the projectiles in traversing the implanted region is6 only 
some 12.5 keV, leading us to believe that the rate of exciton 
production is approximately independent of depth in there-
gion of interest. The loss terms will be influenced by damage 
caused by the implantation of C and N but since their densi-
ties are less than 1% of the substrate, we would argue that 
the loss processes are largely intrinsic functions of the target 
and therefore also not functions of depth. With these two 
approximations we will assume as a first approximation that 
the density of excitons given by Eq.(3)is invariant with depth 
over the range implanted with C and with N. 
Now returning to the excitation process the ground 
state population in equilibrium is related to the expression 
Nex Jf/lN SeN = A{N Afg• (4) 
The term on the left is the rate of excitation out of the ground 
state by exciton recombination and is proportional to the 
density of electrons, and to the density of ground state radi-
cals, J~N; the factor SeN is a constant of proportionality 
that has the function of the product of cross section and 
velocity of exciton drift through the crystal. The term on the 
right is the rate of repopulation by decay from the daughter 
state,/, back to the ground state. The nature of this process is 
unknown but will obviously be proportional to the density of 
atoms in the excited daughter state/ The quantity Aifsec- 1 
is the transition probability for the decay. 
The population of the excited state is obtained from the 
following equation which equates the rate of formation by 
the term obtained from the left hand side ofEq.(4)to the rate 
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of loss from the state by normal radiative decay with a rate 
A;1 sec-
1• 
N v>~ s vi A (5'! ex•·' eN eN = ,· eN if· 
The population of the daughter state is governed by the 
radiative decay from the excited state, shown on the right 
hand side ofEq.(S)which is equal, at equilibrium conditions, 
to the rate of loss of that level by the decay process from the 
state/to the ground state g which has already appeared as 
the right hand side of Eq.(4). 
A"~N Aif = A/~N Ajg• (6) 
Combining the above equations one can arrive at the density 
of the ground, excited, and daughter levels. 
The rate of photon emission -'Vv photons em -J sec- 1, 
the physically observed quantity, is equal to the product of 
the excited state density A-'·~N arid the probability for a ra-
diative transition from ito/, A;J· 
ri c.y·~N 
c'Vv = J~ eN A if= (7) 
liNe, SeN+ l!Aif + l!AJ;g 
Combining Eq.{3)with Eq.(7)the functional dependence of the 
emission intensity on beam current and density of eN- is 
given by 
A 1;-c I v _ ,/ eN B 
~/ v-
BIB +C 
(8) 
where A, B, and Care parameters associated with exciton 
formation and loss as well as transitions probabilities, all of 
which should presumably be constant. In principle, one 
should now integrate this equation over the full region occu-
pied by CN to get a total emission intensity, and allow for 
detection sensitivity, to arrive at a prediction of the mea-
sured photon signal. Clearly with the assumptions already 
made concerning the constancy of N., with depth the result 
of such an integral is of the same functional form as Eq.(8). 
Equation(8)has a number of important consequences. 
First we now have a representation of the signal strength in 
terms of beam current density that may be compared with 
data such as that in Fig. 3. In Fig. 4 we replot those data in 
the form of In !A/ v against I 8 . Equation(8)predicts that this 
should be a straight line and indeed this is the form taken by 
the data. Equation(8)also predicts that the signal observed for 
~ 
iiiz~ 
zo~ 1.5 
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!z ~>-li! w!a 1.0 
o::Zo:: 
::::>g!:: 
0 occ 
:::E:t:ll: 
<( Q.~0.5 
w 
CD 
0 5 10 15 
He+ BEAM CURRENT DENSITY (fLA/cm 2 ) 
FIG. 4. Data of Fig. 3 replotted in the form of beam current ..;. inten-
sity against beam current density to illustrate agreement with Eq. (8). 
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a given beam current density should be linearly proportional 
to the total quantity ofCN present. We prepared a number of 
samples with C and N implanted at the same energy and in 
the same ratio but to different absolute doses. The observed 
signals were indeed proportional to the absolute dose. Equa-
tion(8)also suggests that the most suitable circumstances for 
probing the total eN- density, A'~N' is to use a large beam 
current density where the signal is independent of I B; that is 
essentially the saturation region shown in Fig. 3. Such satu-
ration conditions were adopted for all the subsequent 
measurements. 
It is possible to utilize the saturation behavior shown in 
Fig. 3 and predicted in Eq.(8)to make some useful statements 
concerning the transition probabilities A if and A fg. Examina-
tion of Eq. (7)shows that at high beam current densities, 
where Nex becomes sufficiently large the observed signal 
saturates to the following value 
V (sat)- "/'' (A -· t +A - 1)-1 
,/ >' - ,·Y CN if fg • (9) 
If we integrate Eq.(9)over the complete depth occupied by the 
implanted C and implanted N we have the result that the 
total amount of CN, divided by the total emission of pho-
tons, is equal to A ;; 1 + A j; 1• We can make a very rough 
estimate of the quantities involved here. For a carbon im-
plant density of 2X 1015 C atoms cm- 2 the number of C 
atoms in the 1.5-mm-diam region accessed by the He+ beam 
is 3.5 X 1013; this must represent an upper limit on the 
amount of CN subject to excitation. The signal, integrated 
over all of the spectrum, corrected for the limited detection 
sensitivity and for the spectrometer solid angle, represents a 
total photonemission of about 1014 sec- 1• Thus the ratio of 
total CN present to total photonemission is 0. 3 5 and accord-
ing to Eq.(9)this is equal to A if 1 +A f; 1• Now the transition 
i tofis a normal radiative decay and must therefore exhibit a 
lifetime of about 10-7 sec; this is an insignificant contribu-
tion to the denominator ofEq.(9l Clearly then A fg 1 must be 
of the order 0.35 sec implying a lifetime for decay from/tog 
of this magnitude. We note that transitions between vibra-
tional levels in isolated molecules are expected to exhibit 
lifetimes 10 of the order 10-2 sec so this present very rough 
estimate is not unreasonable. In view of the qualitative na-
ture of the model it would be quite misleading to propose the 
result we have obtained here as a measurement of the life-
time against decay from/to g. It is, however, apparent that 
the long lifetime for depopulation of the daughter f state is 
the reason for the saturation behavior in Fig. 3. 
At this stage one might be tempted to perform detailed 
analyses of the data showing how intensity varies with ion 
beam current in an attempt to determine information con-
cerning the details of the excitation and loss processes. We 
would regard this as quite hazardous since the equations 
describing the emission are at best phenomenological and 
may be incomplete in details. The sole purpose of our discus-
sion here is to establish that the photonemission induced by 
ion impact can indeed be utilized as a measure of the total 
eN- density so that we may proceed further with the analy-
sis of how the radical is formed. 
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V. THE MECHANISM OF CN- FORMATION 
The above discussion has shown how the ion-induced 
emission of eN- bands may be used as a monitor of eN-
density formed by implantation of C and of N. We now ad-
dress the problem of modelling the process whereby the CN 
is formed by studying the relationship of the eN- density to 
the implanted dose of C and of N, and to the energies of 
implantation. 
A direct experiment to measure eN- formation as a 
function of dose would commence with an implantation of 
c+ followed by a series ofN+ implantations alternated with 
monitoring of the CN- density by helium ion-induced 
emisison. This alternation of implanting N + beam and prob-
ing He+ beam is inconvenient and time consuming. Anal-
ternative giving essentially the same information is to utilize 
CN- emission induced while the N+ ions are implanting 
into the target. These bands are identical to those excited by 
He+ and presumably arise from generally similar mecha-
nisms. We take the target with the preliminary c+ implanta-
tion, then bombard continuously with N+ and follow the 
buildup of eN- by the emission of the eN- bands induced 
by theN+ as it is implanted. Such a data set is shown in Fig. 
5 for two diffen;nt preliminary doses of c+. It is apparent 
that there is no signal from eN- when theN+ bombard-
ment is commenced and that the signal increases in a gener-
ally exponential fashion towards a saturation value that oc-
curs at a N+ dose of about SX 1015 N+ ions cm- 2. 
Comparing the two sets of observations on Fig. 5 and numer-
ous similar observations that are not displayed here, one is 
led to the conclusion that the dose ofN+ required to saturate 
the CN- signal is independent of the preliminary c+ dose 
implanted. When using N+ both as the probe and implant 
simultaneously the range of the particle is the same as the 
depth one is attempting to probe and there is no reason at all 
for assuming that the number density of excitons, and hence 
the efficiency for excitation of the eN-, is the same for the 
whole depth being probed. Thus the data shown in this figure 
cannot be related to eN- density in the same detailed man-
ner as we have claimed for He+ -induced emissions. Never-
>- 8 
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FIG. 5. Intensity at 2730 A as a function of N' implant dose induced 
by the implanting 115 keV N' beam. The upper curve is for a KCl 
sample with a preliminary 20X 10"' ions em· 2 dose of 100 keV c •. 
The lower curve is for a sample with a !.Ox IO'" ions cm- 2 dose of 
100 keV c+. 
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theless, the data of Fig. 5 are a valuable qualitative indication 
of how the emission intensity, and hence eN- density, 
builds up with dose. 
As a second test we implanted a series of crystals with 
e+ to a fixed dose of 2 X 1015 ions em - 2 at an energy of 80 
keV, followed by implantation of N+ to the same dose but 
with different energies for each sample. The amounts of 
eN- formed were monitored by probing with the He+ 
beam. The results are shown in Fig. 6 which gives emission 
intensity, and hence eN- density, as a function of theN+ 
implant energy. We note that the maximum eN- density 
occurs for aN+ implant energy of about 80-120 keV. This is 
essentially the energy region at which aN+ implant has the 
same range as the preliminary 80 keV e+ implant. 
Let us consider the formation of eN- in a some volume 
element L1 V. Before N+ bombardment is commenced this 
volume has a local number density of carbon JY' c(O). After 
bombardment with N+ with a fixed beam current density I B 
for a timet an amount of the carbon has combined with the 
nitrogen to form eN- so that the density of free carbon (i.e., 
carbon not combined with nitrogen) has a number density 
ffc(t) =A/c(O) -ffeN(t) where A/eN(t) is the number 
densit:y of eN at the time t. The incident beam of current 
density IB (ions cm- 2 sec- 1) deposits into the volume L1 Va 
number of ions I B JN (x) L1 V per unit time. HereiN (x) repre-
sents the depth distribution for the implanted species and 
can be written 7 in the following Gaussian form 
fv(x) = L1RN(~1T)ll2 exp- ~(X Ll-R:N y (10) 
HereRN is the range of theN+ ion and LlRN is the half width 
at half-maximum of the range distribution; both these fac-
tors can be obtained from the standard calculations ofDear-
naley et a!. 7 If we now simply assume that the number of 
eN- radicals formed per unit time in volume L1 Vis propor-
tional to the number ofN+ ions entering the volume and to 
the number of density offree e atoms already present in the 
volume then the rate of eN- formation can be written as 
k [IB fN(x)Ll V ]JY' c(t ), where k is a constant of proportion-
(/)20 
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FIG. 6. Intensity of the CN bands a~ a function of N' implant ener-
gy. The emission is induced by 100 keY He'. The targets have a pre-
liminary implantation of 80 keY c+ to a dose of 6.3 X 10 14 em - 2• The 
N+ was implanted to a dose of 6.3 X 10' 4 ions em - 2 at the indicated 
energies. The data points are experimental values and the line is a 
computed value from Eq. U4l. normalized to experiment at 80 keY. 
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ality. Normalizing to unit volume and substituting the value 
of JV c(t) we may write 
dJY'eN(t) 
_....:.....___= kiBfN(x)[JY'c(Q) -JY'eN(t)]. (11) 
dt 
This expression gives the rate of change of eN- number 
density with time and can be integrated with the boundary 
condition that no eN- is present when bombardment com-
mences (i.e., at t = 0) to arrive at 
ffeN(t)=ffc(0)[1-exp-k/BfN(x)t]. (12) 
The local concentration ofe before N+ bombardment com-
mences, jf/' e (0) ions em- 3 , is a function of depth and can be 
written De fc(x), where De is the preliminary dose of carbon 
(ions em- 2 ) and fc(x) is the depth distribution function of 
carbon which will have the same form as Eq.UO)but with the 
ranges for carbon7 substituted. To find the total amount of 
eN- present in the sample we should, in principle, now 
integrate over the complete volume occupied bye and N as 
follows: 
Total eN= ( A/eN(t )Ll V 
Jvolume 
=De A ( fc(c)[1- exp- kiBJN(x)t] dx, 
Jdepth 
(13) 
where in the last equation we have performed the trivial inte-
gration over beam area A. 
For low doses ofN+ (i.e., for low IBt) we may replace 
the exponential by a series and retaining only the first signifi-
cant term arrive at 
Total eN= De AkiB t ( fc(x)f"'(x) dx. (14) 
Jdepth 
Thus the total amount of eN rises linearly with time and is 
proportional to the integral of the overlap between e and N 
depth distributions. 
Let us now examine the data in the light of the above 
formulations. Figure 6 shows the relative variation of eN-
signals for different energy N+ implanted into targets which 
have a preliminary fixed dose of e+ at an energy of 80 keV; 
doses ofe and ofN are equal. According to Eq.(14)the eN-
signal should vary only as the overlap integral. This integral 
has been evaluated according to the prescription of Dearna-
ley eta!. 7 and is shown in Fig. 6 normalized to the data at an 
energy of 80 keV. There is good agreement between theory 
and experiment. We believe that this agreement confirms the 
basic suggestion that e and N do not significantly migrate 
after implantation and that the formation of eN- is simply 
proportional to the local density of a e and of N in the im-
plant distributions. 
,The general form ofEq.(12)is also quite consistent with 
the exponential buildup of eN- signal illustrated in Fig. 5. 
We recall, however, that this particular set of data represents 
eN- excited by theN+ beam during implantation and we 
make no claim concerning the detailed relationship of this 
signal to eN- density. One interesting and unambiguous 
observation from Fig. 5 is that saturation of eN- density 
occurs at a dose of about 2 X 10 15 ions em- 2 independent of 
the density of eN- in the target. This low dose for saturation 
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is a surprising result. The preliminary carbon implantation 
presumably is distributed on various lattice sites throughout 
the carbon range in the crystal. One might have expected 
that to reach saturation of eN- density one would need to 
implant one N+ ion onto every lattice site in the nitrogen 
range to ensure that every carbon atom has received an op-
portunity to combine and form CN-. The data of Fig. 5 
show clearly that saturation occurs at a dose two orders of 
magnitude lower. Thus apparently eN- is not formed only 
when one N+ ion arrives on a site already occupied by car-
bon, but the nitrogen ion combines with carbon lying in 
some region more extensive than a single lattice site. One 
may understand this by re-evaluation of the meaning of the 
constant of proportionality k introduced in Eq. (Ill Let us 
suppose that when a N+ ion comes to rest it has unit prob-
ability of combining to make CN- if a carbon atom lies with-
in a volume .:i V' about the point where it comes to rest. Our 
evaluation of the rate of CN- formation was developed by 
considering I 8 IN [x)..:l V ions entering a volume .:i V contain-
ing a C atom density ,,fi'c(t). Now each of the 18 /N[x)..:l V 
incoming ions will combine with any C atom lying in a vol-
ume.:i V' about the point whereitcomes to rest. Thus the rate 
at which eN- is formed in the volume .:i V will be 
18 /N(x).:i V.:i V'.A/cit) and the rate of increase of eN- den-
sity obtained by normalizing to unit volume as before giving 
d-1:~ (t) 
· eN = .:i V'/8 fN(x).A/cit ). 
dt 
(15) 
Comparing this with Eq.Ul)we see that k has the phenome-
nological interpretation of being the volume searched by 
each incoming N+ ion in its quest to find a free C atom for 
recombination. Thus the number of N + ions required to be 
incident in order for all available implanted C to be com-
bined is a function only of the volume occupied by C atoms 
and is in no way related to the number of C atoms present. 
This is exactly what Fig. 5 demonstrates with the dose ofN + 
required to saturate the production of eN- being indepen-
dent of how much C was present in the target. We can pro-
ceed one step further and evaluate an estimate of .:i V'. Let us 
assume for the sake of simplicity that the implanted N is 
distributed over a distance 2..1RP, where .:iRP is the half 
width at half-maximum of the true range depth distribution 
and can be obtained from the tables ofDearnaley.7 Thusf(x) 
= (2.:iRp)- 1• Evaluation ofEq.(13)is now trivial and it indi-
cates that the CN- density will reach 2/3 of its saturation 
value when k/8 t(2.:iRP)-
1 = 1. Figure 5 shows saturation 
to occur at a dose (l8 t) of2X 10
15 ions cm- 2 and Deama-
ley's tables suggest that .:iRP is approximately 1. 7 X 10-5 
em. Thus we would estimate k, which is the same as the 
volume .:i V' probed by each incoming N+ ion, to be 
3.4X 10- 21 cm3 or a spherical volume of radius 15 A. This 
represents a distance of some four lattice spacings in KCl. 
We note in passing unpublished molecular dynamics 
calculations by Landman 11 of behavior in a crystal when a 
single atom is replaced by one with a different potential. The 
result of the change is a temporarily disordered region hav-
ing the characteristics oflocalized melting and being of some 
four to five lattice spacings in extent. After a period of 
10- 12-10- 13 s ,recrystallization occurs. We could apply this 
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picture to our present situation arguing that when aN+ ion 
comes to rest, it creates a disordered region having a volume 
of about 3.4 X 10- 21 cm3, or four lattice spacings in radius, 
where the constituent particles are highly mobile. If a carbon 
atom lies within this region there is a unit probability of 
recombination to form CN-. After some 10- 12-10- us the 
region recrystallizes and the CN radical falls into a cation 
lattice position. The present data are consistent with such a 
picture but in no way confirms any details of the process 
involved. 
VI. SUMMARY 
We have demonstrated that separate implantation of 
c+ and N+ ions into a KCl target results in the formation of 
CN- radicals. The density of CN- is simply proportional to 
the overlap of the c+ and N + implant depth distributions. 
This represents the first direct demonstration that molecules 
may be formed by implantation of their constituent parts. It 
is significant that when implanting N+ into a crystal con-
taining a preliminary dose of C + the amount of eN- formed 
saturates at aN+ dose independent of the amount ofc+ in 
the crystal. This can be broadly interpreted as indicating that 
each incoming N + ion searches a specific volume of the crys-
tal and combines with any carbon atoms located therein; 
saturation occurs when the complete implant region has 
been searched. This requires aN+ dose independent of the 
total amount ofC + present and two orders of magnitude less 
than the dose which would implant one N+ ion on each 
lattice site. The effective volume searched by each N+ ion is 
about 3.4 X 10- 21 cm3 and therefore is about four lattice sites 
in radius. 
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FORMATION OF EXCITED STATES BY 
ION IMPACT ON SURFACES 
E.W. THOMAS 
Schoof of Physics, Georgia Institute of Technology 
Atlanta, Ga., 30332, USA 
Abstract 
Impact of energetic ions on surfaces gives rise to a variety of 
excited states in the sputtered particles, in the reflected pro-
jectil.'~s and sometimes of molecular species bound to the surface. 
Where the outer shell of the system is excited the state will 
normally decay with emission of optical photo~s that may be detected 
with conventional spectroscopy. Where there ar£>. va.::ancies in the 
inner shells the species may be detected by subseqllent emission of 
Auger electrons or x-rays. The review provides a cor.1prehensive 
catalogue of the c>.vailab le data and at tempts to correlate the various 
observations. Optical emissions from sputtered and recoil particles 
are strongly influenced by radiationless de-ex:citation processes and 
this is incorporated into models tho.t dP-scribe both line shape and 
line intensity. There is, however, no well develcped description of 
tow the excited states are formed. Thermal ex:citation models that 
describe excitation in tenn~ of a Local Thennodynamic Equilibrium 
plasma are shown to be poorly founded. Alternative models ascribing 
excitation to hi-particle collision events have net yP.t bee~ quanti-
tatively tested. Inner shell excitation certainly appears to be 
governed by electron promotion events in the transient quasi-molecule 
formed by a projectile and target atom. We review briefly the pos-
sible applicationJ of ion induced optical emission to the analysis of 
surface composition. 
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Jon bombardment induced photon and Auger 
emission for surface analysis 
Edward W Thomas, School of Physics, Georgia Institute of Technology, Atlanta, GA 30332 USA 
Impact of heavy ions on surfaces induces Auger electron and photon spectra characteristic of the surfaces. In 
general such spectra are dominated by decay of excited sputtered particles. Auger decars are very fast so decay 
may sometimes occur while the particle is under the influence of the surface field, leading to complex spectral 
features. By contrast radiative decay is slow so that ejected atoms are in free space before photon emission 
occurs and the spectra are readily recognized by reference to standard tables. We review the present 
understanding of both types of spectra and consider the circumstances under which th&y may be useful for>.., 
determination of surface properties or surface composition. ,;:· 
I. Introduction 
I 
Impact of heavy iom. on surfaces gives rise to a variety of inelastic 
collision events leading to ejection of ions. electrons. and photons. 
Photons occur as a result of a single electron decay process and 
are therefore related to excitation of outer shell electrons. Ejected 
electrons of specific energy are due to two electron decay processes 
and are related to excitation of inner shell electrons. When ejected 
ions are detected as a current we have no knowledge of whether 
they are excited or not. [n principle each of these ejected species, 
photons. electrons and ions represent a characteristic signature of 
the surface and could lead to a method of surface analysis. In 
practice the only ·mechanism to find wide acceptance is the 
detection of secondary ions which leads to the technique known as 
secondary ion mass spectroscopy or SIMS. In this review we shall 
concentrate on the other two processes-ejection of photons 
and ejection of Auger electrons-to determine whether these can 
be valuable for surface an:.tlysis. 
There are many important differences between radiative and 
Auger processes. A radiative decay involves one outer shell 
electron. The lifetime is of the order w- 8 s so that an atom ejected 
with any appreciable kinetic energy will move t!10usands of A 
from the surface before the transition occurs. The decay therefore 
involves unperturbed ent:rgy levels whi~.:h are well known from 
standard spectroscopi~.: tables. The parti~o:ipating electrons have. 
however, undergone an t:volution from th..: band structure in the 
solid to discrete levels of the atom. One might, therefore. 
anticipate that excited state populations of sputtered atoms are 
intimately related to surface band stnJ~o:ture. Photon emission may 
occur also from tr.msition in the solid or from atoms resident on 
the surface. Since tht: relevant energy le\'els are here relatt:d <o the 
band stru~o:ture of th..: solid we :.tnllcipate broad. ill-dctined. 
spectr:1l features; dm: to the long lifetJrm:. decay will m;cur after the 
transient disruptions of the coiliswn e1scade have long since 
disappeared. Augt·r tr:.tnsitwns are two electron processes leadmg 
to decay of inner shell vacancies. The lifetime i., short (typically 
~· 
w- 14 s) so that if the excited atom is in the matrix it may un,dergo 
decay while the local environment is still disturbed by the eff.ects of 
the collision cascade. If the ·relevant atom is ejected from tbe solid 
then the product oflifet1meand speed may be only a few A"so that 
decay occurs while the atom still interacts with the surface. It is 
therefore not at all clear what det:tiled form to expect fr:9m the. 
Auger line shape. Thus the interpretation of the spectrum r,emains 
the focus of present research and little attention has been directed 
to using the spectra to,understand the collision process or the 
nature of the surface. 
We shall discuss in general terms the present level of 
understanuing of ion-induced Auger and optical spectra. Our 
work can b.: regarded as an update of previous reviews of optical 
emissions by White er a/ 1• on Auger emission by Baragiola2 •3 and 
on both subjects by Thomas~. The latter review in particular 
contains a complete bibliography of all publications before 1980. 
In the present discussions we shall pay particular attention to the 
application of these phenomena to surface analysis. We will. 
therefore, concentrate particularly on spectra of ejected (sput-
tered) particles. Spectra are also seen from the solid matrix itself 
but often they are not understood and are therefore not useful for 
analysis. This is particularly true of optical emissions. 
2. (on-induced Auger spectra 
Ion-induced Auger spectra were first detected by Snoek er a/~ 
during studies of Ar ~ impact on Cu. The energy spectrum of 
ejected clecuon~ showed a number of peaks that were ascribed to 
Auger decays of the solid copper target. The peaks were however 
broad and ill-dellned. in part due to the poor resolution of the 
electror; energy analyser and in part. as we shall see later. to a 
smearing of c::ncrgies inherent in this case. The work of Snock cr 
<11 1• was not pur~w.:d. The next observations were by Haas l!t al". 
during sputter etching of AI by t\r • ions. They found that the Ar • 
ions induced Auger ~ignalSJll~t as strong as the dectron beam and 
that the spt:ctra for ion impact and for electron impact were m fact 
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different. From these ob-;ervations has sprung a steadily increas-
ing study of ion induced Auger spectra. 
The technique for investigating the ion induced Auger spectra is 
quite straightforward and can be illustrated by one of the author's 
own arrangements 7 shown as Figure I. Tlu: ion beam is directed 
onto the target and the ejected electrons analysed by a commercial 
cylindrical mirror analyser iCMAf. Thts CMA has on its axis an 
electron gun and together they represent a conventional electron-
induced Auger analyser arrangement. A great advantage for 
fundamental studies is that the electron-induced and ion-induced 
Auger spectra may be recorded with the same experimental 
arrangenent. Retarding potential analysis has been used by 
Hasselk:tmp and Scharmann~ and a simple curved plate system 
by Negre et a/9 . 
Auger 
~~~ 
"'" ',.. ('
\ 
\ 
Electron 
gun 
Cyll;td(ICOL 
m1rror 
Figure I. Schematic diagram of th~ arrangement used for studv of ion 
induced Auger Sp~ctra by M~tz era!'. - • · 
Reported experiments use ion beams of energies from 1- -lOOkeV 
and generally H •. He· or rare gas ions as the projectile. For 
fundamental studies one must of course use well ddined iarget;;, 
good quality vacuum systems and tlat target surfaces. One must 
take some care that the axes of electron dctector and ion beam 
interesect at the same point on the target. For anal;.sers that have 
definite focu~ing properties it is cssciltial that the analyser be 
located at t.he corn.:ct distance from the irradiatt:d spot on the 
target othnwise c:onsiderabk spectral Jistortion will occur. With 
the arrang~ment shown in Figure 1 one can check focusing very 
conveniently by using tilt: electrnn gun to inducc a spectrum and 
comparing this with standarJ ,;pectral atlases. Tht: arrangement 
shown in Fig:un.: I detects only the electrons emil ted into specitic 
directions. The retarding tic!d analyser used by Hassclkamp and 
Scharmann" analyses and detects .tll electrons ejected from the 
surfaces. l'Jegre rr ul~ .used a nun cable dcte<:ror and stud ted Aug a 
signals as a !'unction of det.;ctor onentatwn rclatt vc to crystalln-. 
graphic directions. [n this last case tt must be n:cognizcd that a 
heavy ion beam creates 'ubstantial damage and lhe order in a 
single crysral is rapidly destroyed b~ bomhardmcnt. Thus study of 
ion-induced spectra from smglt: crystals may pro\e 4uite difficult. 
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Auger spectra taken with electron impact and used for 
anal} tical purposes are generally recorded in a derivative mode 
since :his enhances line features and d::-emphasizes the con-
tinuous background. This is also convenient for rhe ion induced 
spectra. However we prefer to record the integral spectra believing 
that they are more satis(actory when attempting to perform basic 
studies. 
The conventional technique of Auger surface analysis is to 
excite inner-shell electrons by an electron beam of some 2 10 keV 
energy. The mechanism of excitation is a direct Coulomb 
interac!lon and no significant momentum is transferred to the 
target atom so that it remains in place in the lattice. The 
subsequent Auger decay will generally involve valence band 
electrons so that lhc ejected electron energy speer rum is related to 
the valence band density of states. A transition resulting from an 
L-shell vacancy with decay and ejection of valence band electrons 
is designated L VV. These electron-induced mechanisms are quite 
well understood and the maj~r research activity relates to 
extraction of the valence band density of states from the Auger 
electron line shape. Clearly line shape and position will be a 
function of the chemical composition of the target under study. 
Proton impact on a solid target can excite electrons only by 
Coulomb excitation and. in general. little momentum is trans-
ferred to the matrix so that again the excited atom is not displaced. 
A subsequent Auger decay process will involve the same f.:atures 
as decay. of an electron-excited Auger decay process so the line 
shape and position is again related to the valence band density of 
states. Protons and electrons will. according to the Born 
approximation. exhibit identical excitation cross-sections at 
sufficiently high energies. Thus. we expect no significant differ-
ences between electron and proton excited Auger lines. This 
expectation is confirmed in the very limit~d work published on the 
subject 10 . In principle Auger spectra excited by high energy 
protons should be just as useful for analytical purposes as 
electron-induced spectra. In practice the complexity and cost of a 
proton accelerator precludes routine use of the technique. 
Excitation by a heavy particle beam is somewhat different. Very 
large excitation cross-sections can occur at low projectile energies 
by promotion of inner shell electrons through r:rossing of 
molecular orbitals. Such excitation processes were described first. 
for hi-particle gas phase collisions. by Barat and Licht en 11 . 
Moreover substantial momentum may be transferred from 
projectile to target bt:cause masses are -;imilar. Thus the target 
atom. with an inner shell vacancy. may be displaced from its 
normal lattice location leading to the pos~ibility of decay while in 
motion in the solid or when in free space after ejection 
(sputtering). Clearly the spectra induced by heavy particle impact 
may be quite different from those induced by electrons. We show 
in Figures 2 and 3 typtcal spectra 12 induced by ILJO kt:V Ar' on 
Mg and Si surfaces compared with electron mduced spectra oft ht: 
same sumples. The ion-induced spectra have three major compo-
nents. There is an underlymg continuous distribution decreaswg 
with incn:asing ekctron energy that is true secondary electrun 
emission: subtracting this from the spectrum would lea\e us with 
the Auger decay contribution. Within the Auger component i~ a 
further underlymg broad structure that strongly resembks the 
electron-induced spectrum and 1s therefore probably related ro 
decays nfe.xcited atoms located 1n the matrix. Thirdly we have a 
number ol'sharp peaks !labelled I. 11.111. IV nn Figures 2 and 3) 
whu~e limttcd \1 idth ..;uggt:~ts lint tl1cy t:rnanate from atnmtc-like 
structures. It is these atomic-like features that provtde the most 
sigmticant distinction between electron- and iLln-mduced spectra. 
I 
• 
I 
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Figure 2. Auger Spectra of magnesium induced by !90 keV Ar+ and 1 keV 
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Figure 3. Auger spectra of silicon induced by I<JO kt:V Ar' and I keV 
electrons 1 !_ 
In both Mg and Si the lines are at about the energy e~pcctcd from 
decay of a 2p vacancy (oft he target I but bear no close resemblance 
to lines from tsolated atoms e~citcd in gas phas.: collisiOn>. 
Explanation oft he ion-induced Auger spectra requires separate 
consideration of the e~citation and decay processes. To an ex ten! 
the characteristics of these spectra and their excitation mechan-
isms have been discussed in earlier reviewsJ -~. We shall cm'icen-
trate entirely on heavy particle ( Ne •. Ar •. etc 1 excitation since 
light particle (H +) induced processes are similar to electron 
impact processes and are therefore well understood. 
2.1. Excitation mechanisms. All authors agree that the excitation 
mechanism involves electron promotion by curve crossing of 
molecular orbitals in the sc:1eme origmally formulated by Barat 
and Lichten 1 1 • Consider an Ar + Si collision event. The energy 
levels for the Ar Si 'molecule' at zero internuclear separation will 
be those of aGe atom and are well known: similarly at infinite 
separation the energies of e!ectrons are those appropriate to the 
isolated atoms. Energy levels at intermediate separations must 
connect the two extremes and may be sketched out using the 
prescriptions of Barat and Lichten. A general result is that as 
internuclear separation decreases the 4fa orbital rises in energy 
and crosses many other orb:tals some of which will be empty: at 
such crossing one or more of the electrons in the 4fa orbital may in 
principle transfer to a state .vnh a vacancy. As the atoms recede 
from the collison event the o:bitals return to their separated atom 
limits and the 4fa vacancy may be retained. The 4fa orbital 
terminates on the 2p level of the colliding partner of lowest Z 
leaving it with a vacancy. Thus the promotion model. in its 
simplest form, predicts that for an Ar + Si collision vacancies will 
be formed only in the 2p level of the lighter species (i.e. Si). for a 
Ne + + Si collision the promNion would be of a 2p electron in the 
neon projectile and one should observe no decay of 2p vacancies 
in Si. Experiment does not conform to this simple rule as Si Auger 
spectra from 2p vacancies are observed for both Ar~ and Ne~ 
impact on Si with the latter differing only by exhibiting a lower 
signal 13 than for Ar". Th:s paradox was ascribed by some 
authors 1 ~· to a large contribution from Si + Si recoil collisions 
which afso will promote 2p electrons ofSi. There may however be 
another explanation. The molecular orbital picture provided by 
Barat and Licht en 11 is apparently overly simplistic and has been 
modified by Schneider ec a/. 15• to include avoided crossings and 
other detailed features: this revised picture is based on a detailed 
study of promotion in hi-particle gas-phase Ar + Si collisions. 
While excitation of the 2p electron in thl! lightest species (Si 1 is 
indeed the predominant mechanism there is observed also 
excitation of the 2p electron of the heavier species !Arl but at a 
substantially lower cross-section. Assuming that the same picture 
holds for Ne+Si collisions on~ cannot use the similarity between 
signals from Ne+Si and A~+Si to determine whether pro-
jectile- target or rewil target target collisions are the pnncipal 
mechanisms. Som<: further guidance may be obtained ny consider-
ing absolute magnitudes of signals and of cross-sections. The 
work of Schneider et a/ 15• gives a cross-section of 4 x 10- 17 em" for 
excitation of Si 2p dectrons in Ar + Si collisions (at energies of 
SO 500 keY) which with a Si number density of 5 x 101 " em- 3 
would suggest that 5", of all projectile target collision events in 
the tirst monolayer will result tn excitation of 2p electrons of Si. 
The excitation rate m Ar • solid Si collisions has not been 
measured hut for r\r • +AI. which should be similar. the data of 
Hassclkamp and ScharmanM show a total Auger yield from Al-2p 
decays that suggests 2", of all incoming projectiles cause ejection 
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from the surface of an electron from the decay of an Al-:!p vat:ancy. 
If we com,ider that one half of all.<\ugcr d.:c;1vs in .1 rae tide solid 
experiment give rise to an Auger electron dire\:ted into the o;oliJ-
and therefore not detected ---we would estimate rm:ghiy that the 
total experimental yidd is 4",.. Thus the yield of ei<:ctrons IS 
approximately equal to what we w,)u!d e~timate from pro· 
jectile -target collisions in the tirst monola:. cr alont:. Two other 
factors suggest also that the observed signal is due only to 
collisions in the first one or two monolayws. F;rstlv. the escape 
depth of the Auger electrons is only 1 0 about 4 A so that no signal 
of any type from a greater depth should bt: obsencd. Secondly. 
diret:t calculation of recoil and primary collision event proba-
bilities predicts that rec01l colliswns r:ontnbute no more than 15",. 
of all excitation events 1 c_ Thus we W<:•uld sug:gest that the 2p-shdl 
excitation events probably occur by direct projectile t.uget 
collisions in the first one or two monolayers oithe ~uriace anJ that 
recoil collisions do not contribute significantly to the observed 
Auger signals: this contention d0es. however. require more 
detailed analvsis. 
Molecular ~rbital promotion occur~ only at small internuclear 
separations where there is a ~trong r·:pulsi\e interaction of nuclei. 
For example. in the Ar + Si system 4fa promotion occurs at 1 ~ 
0.37 A. Consequently there should be :.m energy thn.:shold for the 
excitation event wrresponding to repulsive energy at the inter-
nuclear separation where curve cros;ings occurs. Such thresholds 
have been demonstrated by Wittm:wck 1·1 in rare gas Si wllisions. 
the signals rising by three orders of magnitude from a :! 3 keV 
threshold to JO keV. According to the gas phase collision studies 
of Schr.eider er u/ 1 5, the cross-sectiOns and therefore stgnals. 
should become constant for higher energies. A second consequence 
of the large repulsive energy at molt:cular orhital crossings 1s that 
substantial momentum will be tran~ ferred to the target nuc!eus. 
Consequently the nucleus \'.'ill be dispi:H:cd from its originall:•.uice 
site and either recoil into the solid or be ejecied out oft he solid. in 
the laner case decay may take place in free space so that the Auger 
transition is appropriate to a free panicle. As we shall see later this 
is indeed the explanation of the s.1arp atomic-like features in 
spectra like Figures:! and J. We would expect also that the lines 
should show a Doppler broadening and that th1s will vary with 
momemum transferred and hence with projectile energy. 
Wittmaaek 13 showed that the line w1dth of atomic-like features is 
in fact energy dependent consistent with a Doppler broauening. 
The above discussion has been based on studies of rare-gas ion 
impacl on third row elements but the samt: general features hold 
also for otht:r colli>ion evt:nts. We would note particularly our 
own work on Auger spectra induced by Ar ~ on transition 
metals tM where the principal feature 1s due to 2p vacancies in the 
Ar projectile. as expected from the molecular orbital model. The 
line :;hows substantial energy dep~mlent hroadenmg consi:;ten( 
with the emitting species hcing hacks..:attcr~d particles. 
In summary then. the gen.:ral t'bs.:rvation in cases studied to 
date is an excitation pf ~p \ ac·anctes hv proiet:tilc target events in 
the first one or two mono layers. Thi:- i~ generally in <H:cord \vith 
the molecu!ar orbital promotion model provtdt.:d om: takes int,, 
account the full details of :~·.oided ;:rn~sings and rotal!onal 
coupling. An energy threshold is anticipated :tnd ob~erv.~d in 
practice. !\It omentum transfer t<l target ~;pccit:s may he significant 
leading to ejecti<m sn that decay occur;; in Ire<.: ~race. In this case 
one anticipates sharp atnm1c like f<.:ature~ w!11ch may he those of 
Figures :! and 3. and D.,pplcr slufh of energy w h1ch have hccn 
measured by Winmaad.'-'- For tases whc•c th.: targ<:t is hea\icr 
than the projecule we expect suhstantial h;,d:st:atknng so lh:tl 
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huge Doppler shifts from backscattered proJ..:ctilcs will he 
0h'ier.-.:d: this phenomenon also has heen detccted 1". 
2.2. Dl-cay mechanisms and spectral detail~. The ahove discu-;-;ion 
of mech~Jnisms would lead us to believe that ton-induced Auger 
spt:ctra should consist of two distinct components related to 
whether the excited alom is in the matrix when it deca)s or 
whether it has ncen ejcctt:d into free space. A matrix. decay should 
presumably imolve valence electrons and be describable as an 
L~ 3 VV transili,1o. This should be just the same as an L 2J VV 
tr:1nsition induced by electron impact and indeed hoth Figures 2 
and J apP•:ar to show such a component underlying the sharp 
peaks of the ton-induced Au~~er spectra. There is. howevl!r, a 
discrepancy in the cast: 0!' Si where the high energy edge at the 
electron induc~d ~pectrum (at 91 eV) does not <:oincide with the 
sharp drop of the ion indu~:eu spectrum which ot:curs Jt 95 eV. An 
atom eiected inw free space. by contrast. should decay as a free 
atom with distinct si1arp Jines designated L 23M M. perhaps 
broadened by Doppler-ciT•~cts. This, in principal. explains tht: 
atomic-like featur.es hut the observed lines do not coinc1de 
properly wtth spectra induced in gas phase collisions. Thus. 
although qualitatively the ~p::ctra are as exp-ected. there is some 
question about the fine detail~. 
The literature conuins many ahortive attempts to explain the 
atomic-like features. The ba:;ic problem is that for an ejected 
particle with a single 2p vacancy the calculated Auger line energies 
do not agree with observation. For example Ll 3MM decay of the 
:!p~ 3s2 structure of mag11.esium gives only a single energy peak'" 
of about 35 eV explaining perhaps line Ill of Figure:! but not the 
more o;ignificant features I and II. Consequently there has been a 
seart:h for other mechanisms. It ts often noted that the excited state 
lifetime ( 10 .. ,_.:<)may he comparable with the time for which the 
collision cascade persists s0 that decays in the solid are in a 
disordered er.v1ronrnent. Thus. entirely new spel'lrLI characteristic 
of neither solid nor atom mtght be observed ;.:nd study of the 
decays might provide a unique method of probing directly the 
physical conditions in the cascade. Vrakking and Kroes'"" 
suggest that the matrix panicles m the disordered wllision 
cascade have "atomic like' stru...-tures that give nse to peak I: peak 
II is elct:trons from the same source that have lost energy by 
exciting a plasmon. De..-ay in the disorderetl matrix ts invoked also 
by Bcnazeth et ul 1,.h. Such suggestions are never quantified to the 
point of a detailed pn:dict10n of line posltmns. One mistake 111 
these analyses is that the authors tgnure the possthility that 1zeu1ml 
atoms with inner shell vacancil!s tnay also occur. For magnesium 
the rdevant parent level would be 2p 5 3s 2 Jp where one dcctron is 
removed from the :!p shell to form the v:.1cancy, but another is 
added to the outer shell to maintain neutrality. Such configur-
ation were ~ugges:ed hy Dahl ci a/ 1". to expl:un certain dctatls of 
Auger spel·tra indut:cd by Mg' + Ar gas phase collisions. from 
Hartree F~'ck calculations they estimate Aut;er cnerg1es of 44 eV 
for a 2p·'J;·~Jp-42p''Js transition and 40 t:V for ~p 5 Js 2 p--> 
:!p"3p: these: lit. 1'-ithin acct1racy !imitation-;. hoth pe~lks I ~tnd II. 
Moreov~.:r Dahl et a/ 14. provide·a theoretical calculation whKh 
~uggcsts that tht: relative proh;1 hi lilies of decay hy til esc two patlh 
should he -1: I wh1ch is mughlv th~ ratio net ween features J and I L 
Wt: must 1101. n..:glcc: the poss1hility al~o of ions and an Mg • 
:!p 53s" conligur~1ti,)n dc~:aying to Mg 2 • 2r'' is cstimat<:d hy Dahl 
el a/ 14.to ha~e;;n encntY of ret ween _;-1 and J5 cV (depending on 
the ~.:akulation prncedurel winch would c:xplatn P':ak I II. One 
~hOL.IJ also note r:wt the w.::ak high energy feature dcstgnatcd 
peak IV cnu!d !x . ..:xrlaincJ as a 2p"3~ 2 Jp-4 2plJ, tran~ition for 
-·-- .I 
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which the estimated energy 19 is 54 eV. Thus in a purely qualitative 
fashion one can completely cxrlam all significant features cf 
Figure 2 relaying on anticipated tran~itions with decays of the 
unusual newral atom as the cause of the most prominent peaks. 
There is apparently no need to invoke a new da,s of atomic-like 
states•~. peculiar to collision cascades, for explanation of these 
observations. 
Our discussion has been largely qualitative and these expla-
nations can only be considered reliable if we may use them to 
explain in quantitative detail the observed spe~trum. Basically one 
wishes to take each of the suggested contn butmg components and 
use them to simulate in complete detail the observ~d spectrum. 
This we have recently done 1 1 ·20 for spectra of Mg. AI and Si 
induced by Ar+ impact and the reader is referred to these 
publications for full detaiL. We shall here confine ourselves to a 
brief description of the procedure for a magnesium target. The 
spectrum of Figure 2 shows a background decreasing to higher 
energies that is due to true secondary electrons. We simulate this 
by the mathematical functwn introduced by Sickafus normalized 
to the data at low ( < 20 eV) and high I > 60 e V) energies where no 
features are observed. We 1dd to this the electron induced Auger 
spectrum of Mg (see Figure 2) to account for matrix decays and 
thereby simulate the main feature underlying peaks I. II and Ill. 
Then the Auger energies listed in the previous paragraph are 
taken to give individual Lnes whrch we represent by Gaussian 
functions. These various components are then added together and 
fitted to the data by a non-ltnear curve fitting routine based on the 
gradient expansion algorithm of Marquand 21 • We allow the 
intensities of all components to vary and also the width of the line 
Gaussian functions. Since the energy of the 2p53s2Jp state is only 
roughly estimated we allow this to vary also though the 
separation of lines from deoy to 2p0 3s and 2p0 3p configuration is 
kept fixed since this is well known. We show in Figure 4 the results 
of this fit and clearly all Significant features are properly 
represented. The width of the atomic features is consistent with 
Doppler broadening due to the particles having 'energies of 
around 100 eV. 
The same modelling and fitting procedure has been used also 
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Fi~:ure 4. The Auger spectrum of magnc"um indu~-ed hy 190 keV Ar • 
impact. The cxpaimcntally determined spectrum IS shown as a so:ncs of 
ind1vidual dala points. Lmc A is the rcrrcscntauon of true sc<.:ondarv 
electrons plus dc<.:ay in the m:urrx. Line H represents the <.:omplct<: motlr:l 
induding atomiC line~ and IS e\Senuallv comcllknt With the data <~l most 
energ1cs~ Roman numerals arc used t~ identify features dr;<.:usscc.l in the 
text. From Whaky and Thomas 12 • 
for the ion-induced Auger spectrum of aluminium with similar 
excellent results~0 • t\gain the key to the procedu~e is recognizing 
that the major atom1c like features are due to Al 0 atoms in a 
2p~3s 2 3p 2 configuration. 
As we proceed un up the penodic table we lind a deterioration of 
agreement between model and experiment. For silicon. which 
obviously has an outer electron structure far more complex than 
magnesium, our model gives line B of Figure 5. The predicted 
peak positions are properly reproduced. We show that there is a 
line (designated i) that lies at an energy above the electron induced 
LVV spectrum edge. This extra line explains the apparent 
discrepancy between the high energy edge of the matrix compo-
nents in electron and ion-induced spectra. Baragiola.: and 
Wittmaack 1 J explained this discrepancy as due to a change in 
local density of states in the collisions cascade. These explanations 
are not necessary and should be considt:red without foundation. 
Despite this general agreement on location of features there 
remains a substantial discrepancy between line 8 and the data 
which betrays the existence of yet another Auger feature. Atoms 
with excited core holes have short lifetimes 22 which for the 2p 
levels of Mg. AI and Si are respectively 930. 134 and 37 fs. If we 
assume. following Wittmaack's Doppler shift measurements. that 
the excited atom emerges from the solid with an energy of 100 eV 
then decay occurs within a distance of 260. 35.6 and 9.7 A for Mg, 
AI and Si respectively. If we assume that the potential of the 
surface extends some 5 A from the first monolayer then for Mg 
essentially all decays of emerging atoms occur in free space while 
for Si many decays will occur within the field of the surface. We 
have tentative!~ suggested12 that the additional component ofth~ 
spectrum is due to emerging atoms undergoing Auger decay while 
still within th•: field of the surface. One would ant1cipate the outer 
shell electrons having a configuration intermediate between that 
of the solid and that of th~ isolated atom and a broad line 
should result. Cursory analysis of the spectra for sulphur and 
phosphorus23 suggests that this new component is even more 
significant. consistent with the shorter lifetimes of S and P. 
Regrettably. very few studies have been reported for ion-
induced Auger spectra of elements outside the third row of the 
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Fi~:ure 5. The Auger ~p~<.:trum indu<.:cd by 190 kcV Ar • impa<.:l on Si is 
indlt:atec.l by c.lata points. Line A is the t:ompnno.:nt reprc'<:nung true: 
secondarv electrons anti matrr)( dccavs. Lin.: 8 repre,.:nts lhc model 
pred1ctw~ when only Line A. the indindual atomu: tr:tn<>Hion~ and c.ll"t:ay 
oft wo electron vac:mcics is <.:onsidcrec.l. Clearly Line IJ docs not reprodut:e 
the data points. From Whaky and Thomas 12 • 
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periodic :abk. Boron has been ~tudied a number of times -.~j and 
shows a broad line from excitation of Is ekctror.s. Copper was 
studied by Dorozhkin et af2·U:l and shows a broad structure at 
about the energy expected for 3s excitations. In both these cases 
the structltres cannot be described as 'atomtc-like· and the authors 
suggest that decay is occurring within the field of the surface. 
Dorozhkin et a/26 study also Ar + ion induced Auger spectra of 
BcO and LiF showing that the Auger peaks of Be and Li are the 
same as that of the pure metal. This is as expected smce for both 
metal and compound the particle of interest is sputtered from the 
lattice and decays as a free atom (or ion). 
The broad conclusion is that the ion-induced Auger spectra of 
the solid are due to decays of excited atoms in one of three 
locations. In all cases some atoms will decay while in the solid 
either while in motion or while at a lattice site. It would appear 
that the line shape is the same as that of an electron excited Auger 
decay. In some cases a significant fraction of the excited atoms are 
sputtered from the surface and decay in free space giving a 
predictable line spectrum. It is particularly important in this ca~e 
to consider neutral particles with inner shell vacancies since these 
provide the predominant features for elements in row three of the 
periodic table. Finally one also observes in some cases an Auger 
component that appears to arise from atoms emerging out of the 
surface but decaying while still within the field of the surface; the 
result is a broad feature that is intermediate in form between the 
matrix. decay and atom decay spectra. The rdative importance of 
these three components is directly related to the lifetime of the 
excited state and to the 'peed (and dirr!ctwn) of the excited 
particle. Tht~se broad conclusions are supported by recent 
measurements of how the matrix and atomic decay components 
vary with projectile impact angle where good agreement with a 
theoretical model is demonstrated27 • 
It is appropriate to speculate briefly on the mechanism which 
leads to the majorit.y of ejected atoms with inner shell vacancies 
being neutral rather than ionized. This is certainly not the case for 
the corresponding hi-particle collisions in gas-phase targets where 
multiply ionized species predominate19. The electron promoted 
by a curve cro'ising of molecular orbitals will of course transier to 
a vacant state. It is possible that an electron from a 2p level may 
promote to the 3p level of the same atom so that neutrality is 
maintained. However, such a mechanism should occur equally 
well in gas-phase bi-particle collisions but in practice 19 is not a 
major feature in the spectra. Alternatively as the inner-shell 
excited particle eject'i from the surface it may oick up electrons by 
charge transfer from the valence band to maintain neutrality. It is 
well known"~ from gross charge state analysis that the majority of 
sputtered particles are neutral. There are many theories that argue 
the particle starts as an ion but picks up ele..:trons to become 
neutralized as it traverses the surface edge"'-). We ~peculate that 
this occurs abo for ejected particles with inner shell vacancies. 
2.3. Applications to surface analysis. [on induced Auger sper-
troscopy is at present an area ofre~earch and not a diagnostic tool. 
We muo:t hvwever .:xaminc whether it has a11y potential for 
routine analytical purposes. Spectra induced by protons will ht: 
essentially the same as by cqui-velocity dcctrons and ..:ould in 
principh: he utilized routinely. To produce protons of the same 
velocity as 3 kcV ckctrons would require a 6 f\·1eV accelerator. 
The difference 111 .;o,t and wmplt:x1ty hetwccn a J keV electron 
gun and a 6 MeV proton accekrator effe•:tivcly precludes routine 
use of protons. Spectra 111dun:d by rare-gas ion impaci are a 
mixture of matrix. atomic ant! perturb<:d-~;tate decays that render 
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them :nheren:ly more complex than electron-induced spectra. In 
the few cases where detadcd analysis has been pcrform•:d the 
signai is prcdL>minantly from sputtered atoms and so gives no 
information on the band structure. nor chem1cal composition of 
the surface. High energy ( > 30 keY) impact of heavy ions may 
sometimes exhibit cross-sections for inner shell excitation that 
exceed those for electron impact and provide. for limited cases. a 
potential improvement in sensitivity.Nevertheless this is not of 
general value for surface analysis. 
It is worth noting that ion-induced Auger spectra may be a 
hindr<J.nce in attempts to analyse depth distnbutiom: using 
sputter etching and electron-induced Auger analysis of the 
surface. If the etching beam (usually Ar +) and electron gun are 
employed simultaneously then both may produce detectable 
spectra and these will be different. To avoid confusion the two 
beams should be used alternately or the ion beam energy kept 
below the threshold for electron promotion. 
A major reason for pursumg the academic study of ion-induced 
Auger spectra is the opportunity to probe the electron strecture of 
atoms perturbed by the surface. As we showed earlier short lived 
states undergo their Auger decay while interacting with the 
surface so that the energy levels involved are those of an atom 
perturbed by the field of the surface. In principle the energy levels 
can be unfolded from the data allowing some assessment of how 
electron energies evolve from the band structure of the solid to the 
discrete level structure of the isolated atom. There is an active 
program on the study of orientational effects m ion-induced Auger 
spectra. Kitov and Parilis 30 have treated theoretically the 
anisotropy of Auger yields due to H + impact on single crystal AI; 
shadowing and channelling etTects are significant. Negre et af, 
provide experimental measurements of (very weak) orientation 
effects for Ne • and Ar + impact on single crystal AI. With the 
interpretation of spectra that we have suggested 12·20 and 
discussed above, the orientation effects should occur only for 
matrix decays and. therefore, be essentially simih.r to those for 
electron induced spectra. There are also published studies 31 of 
how the ion induced Auger spectra change with chemical 
composition but these have not been quantitatively analysed and 
the chemically-induced changes may all be due to the matrix 
decay and therefore essentially the same as for electron impact. 
3. lon induct-d photon spectra 
Optical spectra induced by ion impact on solids were studied as 
early as the 1920s and 1930s with publications by von Hippel32 and 
SpornJ 3 on emission from sputtered <.:athodes in discharges. The 
first clearly delined experiment was that ofSnoek cr alj*, in 1964 
on spectra induced by Ar • impact on solid Cu. Since that time 
there haw been many papers on the subject. 
The techniques nece>sary for a properly defined experim:.:nt are 
quite straightforward. An ion beam is directed onto a surface and 
the optical emission observed by a suitable spectrometer. 
Photomultiplier Jetection IS essential. An arrangement drawn 
from the author's own v. ork 33 is shown as Figure 6. For 
fundamental studies attention must of course he paid to surface 
cleanlincs~. vacuum environment and surface structure. 
Radiativc de<.:ay involves a on<.: electron transition. normally in 
the outer shells only. Lifetimes are t)'plcally 10~ ~ ·I 0-' s so that if 
the excited particle is spu!lered from the surface the emission may 
oc<.:ur at ~~ mac.·oscopic distance from the point of ejection. In 
settmg up experiments to detect this emissiOn the optics should be 
arranged to <.:ollect with equal efficiency light from all parts of tht.> 
t 
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Figure 6. Equipment for the study of optical emissions induced by 10n 
impact on solidsJs. 
emitting region. Calibrating the optical system to perform 
absolute measurements requires use of a standard lamp and 
considerable attention to detail: procedures have been reviewed 
earlier by the author in the context of gas phase collisions 3". 
Calibration of relative sensitivity at different wavelengths is a 
necessary step to permit proper interpretation of spectral 
intensities. Absolute calibration. and therefore absolute measure-
ments of emission. are rarely performed. 
A very wide variety of projectiles and targets have been used in 
such studies and they are too numerous to mention here. Much of 
the recent work is devoted to silicon and its o'lides bombarded by 
Ar· ions; this relates to the opportunity for sputter etching of 
electronic device materials. 
Radiative decay of e'lcited outer electron shells of atoms (and 
ions) is quite well understood and the wavelengths of all 
significant transitions are tabulated in numerous works of 
reference. Thus. there is no confusion in analysing spectra of 
sputtered particles that decay in free space. Radiative decay in the 
solid involves electron energy bands and gives rise to broad 
spectral features. These are often not understood and must be 
studied before they can be used for analytical purposes. Many of 
the experiments in this area have been devoted to study of excited 
reflected projectiles. This does not assist with surface analysis and 
will not be considered here as little work has been done since the 
review bv Thomas 36. 
We sh~ll discuss separately the mechanisms for excited state 
formation. the process of decay and the possible applications to 
surface analysis. We shall find that excitatiOn is not at all well 
understood. decay is generally unambiguous and that appli-
cations to surface analysis are quite specialized. 
3.1. Excitation mechanisms. Photon emission results from exci-. 
tali on of an electron to a bound state. Excitation of an electron to 
a continuum state results in the formation of an 1on and must have 
an essentiallv similar theoretical formulation. Thus mechanisms 
leading to i~n-induced photons and to ejected ions must be 
essentiallv similar. It is to be admitted that the theoretical 
understa~ding of excitallon events in solids is very weak. One 
would prefer t0 treat the excitation process in a detailed quantum 
mechanical fa:;hion following ~volution of wave functiOn and state 
populations as an ;It om is eJected from the soh d. This 1s. of couN:. 
very diffkult in practice and must be formulated in(hvidually for 
each case of interest. Consequently much attention has been 
devoted to formulation of general dcsaipuon~ based un statistical 
population of states, or local thermodynamic equilibnum in 
collision cascades. 
A general approach developed by Anders0n and 
Hint horne; · . .IM but tested also for vptical emission~ is to treat the 
collision cascade region as hcing at high temperature T. Atoms are 
excited. iontzed and ejcctcd from this region. Yield of a species 
having an excitation energy £, will be given by 
( 1) 
Here wi is the statistical weight of the state of interest. Q is a 
constant for a given target. Tis the effective temperature of the 
plasma region and Cis the concentration of the spel:Ies of interest 
at the surface. Anderson and HinthorneJ '· 3 " proposed this 
formulation to interrelate the yidd of different ions in SIMS; here 
11·1 is unity and Ei is the ionization energy of the state of interest. 
Good-Zamin t!t a/ 3 '~. have demonstrated that this equation also 
correlates well with the yicld of different excited states. Here ll'i is 
the statistical weight of the state.£, is the excitation energy and Y; 
is the total yield obtained hy summing all decays out of the excited 
state. For excitation Good-Zamin eta/ find that a temperature T 
of 3600-5900 K tits data from a wide variety of materials. Figure 7 
is drawn from their work and the straight lines drawn through the 
data have a slope 1/kT. a!lowmg T to be determined. Snowdon 
has effectivdy demolished this approach. he points out that there 
is no physical basis for the L TE model. that excited atoms are too 
large to exist in a solid*0 • that experimentally the same relative 
~tate populations occur also in excitation of gas phase targets* 1 
(where no high temperature L TE region can exist l and that the 
whole formulation is often incorrectly applied to the data .. 2 . 
c: 
-' 
E•c•lOtiOn en~rQt leV I 
Fijlure 7. PhoiOn yield in dc~ay of \late. as a func:uon ,,f Jc,d Cll\:llalion 
energy 1::,. For AI.AI 10_1.GaAs.ln and rl hnrnhardmcnt hy I~ 1-.cV Kr'. 
From I he work ofGooJ-Zarnrn eta! .. ". The str;11gh1 'olid lines 01rc drawn 
to tit lhc data on the a"urnpllon 1hat the LTE mndd 1S valid and thai 
cquauon (I i '' applu.:ahk. The dashed line is a c:akula110n for AI ltittcc.J to 
the dala for .1n AI~O.~ larg:cti hy the statistical model of Kdly''. 
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Nevertheless there have been some attempts<~J···H to develop the 
techniques for analysis of stainless steel in ;he following man11er. 
The procedure is to establish Q in equation (I) by a standard 
sample. then for the material of interest to plot the relative line 
intensities for the consutuent materials in the form of equation ( 1 ). 
The plots give the effective value of temperature T and one can 
determine the ratio of concentrations C for the different constitu-
ents. As Tsong<~8 points out the L TE model requires that a single 
temperature should describe all constituents smce they evolve 
from the same collision cascade. He shows that in steel different 
temperatures are required for Ni and for Fe contrary to 
expectation. In gePeral terms one must conclude that the L TE 
model is quite invalid. 
A second approach based on the collective properties of the 
solid is to consider electron transfer between an emerging atom 
and the surface. In Figure 8 we show the potential well of an atom 
located at a short distance from the potential well of the solid. We 
neglect the question of how the excited state was created and 
concentrate instead on its possible destruction by resonance 
. tunnelling. In FigL•re 8 the excited electron is at an energy where 
an allowed but vacant state exists m the solid; the excited electron 
may tunnel into the solid leaving the excited particle as an ion. The 
rate R,(s) (units of s- 1 ) of resonance ionization can be written in 
the form. 
R,(s)= A exp( -as) (2) 
where sis the particle-surface distance (em), A is a constant (s- 1) 
related to 1 barrier height and a (em-
1 ) is constant related to 
barrier width. If a TJarticle is emerging with a velocity component 
normal to the surface of r.:. (em ~-I) then it is a simple matter~9 to 
show that the pro!:-abtlity of emerging to s = XJ without electron 
loss is given by 
A 
P(oo, v)=exp--. 
av.l. 
(3) 
Since radiative decay involves long lifetimes and will occur at 
macroscopic distances from the surface this equation gives the 
probability that an excited atom will emerge to decay radiatively. 
Introducing a further constant B to represent the (unknown) rate 
of excited state formation then the yield of a given excited state 
may be written 
A 
Y=B exp--. 
av.L 
( a l Resonance 
tonrzatran 
(4) 
Atom 
Figure!!. Potent1al configuration for :m atom at a distanceS from a surface 
with a !I elt:ctron in the exclled state of energy E1 ''' demomtrate r~'iPnance 
ionization. E, is the IOntZalion functi<>n ur the ground stale ;Homs, <Pis the 
target work func11on and £., is the depth of the target valence hand. 
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This formulation has been tested in a number of ways. It should 
apply to projectiles t>ackscattcred from ..1 surface. Back-;cancrcd 
projectiles will have a velocity distribution whtch may he 
modelled and from this distribution a Doppler broadened lme 
shape can be evaluated. If the radiationless decay process ts not 
included t!len the predtcted line shape does not agree with 
experiment. Applying equation (4) to modify the velocity 
distribution of excited recoil atoms one can lit 5° the observed line 
shape by altering the ratio Ala. By the same token ifhackscattered 
flux is modelled theoretically and equation (4) is used to represent 
excited state yield then one can also model the projecttlc energy 
dependence of optical emission intensity51 . Thomas and co-
workers have performed a number of such analyses for hydrogen 
backscattering from metals 50 · 51 and conclude that A/a is of the 
order 10~ em s- 1• The formulation may also be used to consider 
dependence on projectile energy of sputtered excited particle 
yield. The velocity distribution of sputtered particle~ may be 
estimated theoretically and as projectile energy increases then 
momentum transfer. and hence recoil velocity (t· c of equation (4)) 
increases also. Thus,·one may model projectile energy dependence 
of sputtered particle emission intensity and choose a value of Ala 
that fits the data. An example from the work of White et a/52 is 
shown in Figure 9. At low projectile velocities there will be low 
recoil velocities and a high probability of radiationless decay 
leading to low signals. As projectile energies mcrease. so do recoil 
velocities and the time for which the recoil interacts with the 
surface decreases; this results in a reduced rate of loss and an 
increased intensity. The data of Figure 9 generally follow the 
expected behaviour; the discrepancy between experiment and 
theory is ascribed to the energy dependence of the initial 
excitation rate (B in equation 4) which is not included here. 
A most significant feature of ion-induced optical emissions is 
that the signal strength is strongly dependent on the matrix from 
which an atom is ejected. This is dramatically illustrated by 
Figure 10 from the work of White et a/53• which shows the Si 
2882 A line observed in sputtering of Si02 compared with that 
from Si. For the oxide the signal is far stronger than for the pure 
material with a broader line shape peaking at the wavelength of 
unshifted radiation. This can be qualitatively explained by the 
radiationless de-excitation model. The excited electron in Si is at a 
level opposite a forbidden band of the Si0 2• Thus resonance 
ionization cannot cccur and all excited atoms emerge and radiate. 
For Si that same level is opposite an allowed but vacant state so 
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Figure 9. Comparison of three c<Jkulated emiss1on functions computed 
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Figure 10. Measured line sllapes of !he :!882 A Sl line by 80 keY Ar + ion sputtering from Si and from St01. The vertical scales are distorted in that 
the intensily from Si is a factor fifty lower than for S•O~. The change of I owl intemuy of this line is demonstrated in Figure 12. From Whitet't a/~ 3 . 
that resonance ionization is possible. In the latter case slow 
recoiling particles are lost causing a reduction in signal par-
ticularly at wavelengths close to those of stationary atoms. The 
high velocity component of the sputtered particles is less severely 
effected and the intensity at large Doppler shifts docs not differ 
greatly between Si and SiO~. Hippler <>t a/H have performed 
similar experiments on Zn with and without oxygen CO\'er:.:ge 
giving a similar behaviour as illustrated in Figure J I. they have 
modelled both lines using equation (4) and found Ala for the clean 
surface to be 5 x w~ ems- 1 and for the oxygen covered surface to 
be 5 x 106 em s- 1. 
The general picture of radiationless de-excitation provides an 
understanding of many qualitative features. It explains energy 
dependence. line shape and matrix effects. The picture is not 
however of universal validity as for some lines~~ (specifically of 
magnesium sputtered from Mg and Mg0) the effect of oxiJatron 
is not as predicted. The formulation. of course. gives no gu1dance 
on the probability of forming the excited state in the lirst place anJ 
the constants A and a cannot he accur:ttcly predicted. Finally the 
model is based on unpcrturhcd energy levels and that is dearly 
unrealistic for particle ~urfacc separations of 2 5 A when: the 
radiation less decay prm;csscs arc expected to occur. We conclude 
that radiationlc-;s dc-excilation 1s a ust:ful to(>[ for lJllalitative 
underst<mding but does not provide detailed quantitative predic· 
tions and is not always (.jllalitattvdy consistent with ohscrvations. 
The procedures based on L TE and on radiationlcss de-
e:u:itation are designed to a~:t as simple explanations appltcahlc to 
Ar+- Zn 
300keV 
48/0 5 ! 
-- Expertment 
--- Calculated 
4809 
Wove length (! J 
Fi~:ure II. Comparison of .:xpcnmcntal and cakulat.:d line shape of the 
indtciltcd Zn lioc f(lr Ia )Surface C(m:rcd with oxygcn and Jb)" dean metal. 
Expatmcnt and modd cakulallons arc normalized al the pcak tnterhtt). 
From Htpplcr •'I a/,.. 
all materials. When examined in detail they fail. This is not at all 
surprising. In the much simpler case of hi-particle inelastic 
collision event'\ one must perform detailed quantum nH.:chani~:al 
calculations for each case of interest. One would expect the same 
thing to be true also for ex~:itcd state formation in solids. lndccJ 
ther~ IS eviJem.:e that incla~tic events in ~olids arc dominated by 
hi-particle collisions between the particle of interest and only one 
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atom of the solid. For example oscillations in the neutralization 
prohability5'd 7 of He· ion~ incident on lead ar.:: dt.:.e to a nea~­
resonant charge transfer reaction between the hehum and a single 
lead atom. Also excitation ofZn by Zn • + Ar bi-parucle collisions 
gives essentially the same spectra~ 1 as excitation by Ar• impact 
on solid Zn. If hi-particle collisions are to be the predommant 
excitation mechanism then we mus~ rirst decide which collisiOns 
are involved. Kelly 58 argues that since excited atoms are too 
'large' to exist in the solid they must be created as they cross a 
surface. Moreover since excited panicles are ejected at normal 
projectile incidence one cannot ascribe ejection -excitation events 
primarily to direct projectile target collisions. Kelly argues 
therefore that the principle source of ejected particles is recoil 
collisions in the cascade where a low lying atom collides from 
behind with a surface atom so ejecting it inw free space. 
This approach is also confirmed by work of Symonski et u/59 . 
Kelly 58 states that ideally excitation would be described in terms 
of curve crossing processes as the ejected atom departs from its 
neighbours. We have already encountered the concept of curve 
crossing in our discussion of inner shell excitation. for which it is 
·a relatively simple concept as energy levels are well defined. For 
outer shells, however there is little detailed information on the 
evolution of energy levels with particle separation and the matter 
is further confused by broadening of energy levels due to the 
uncertainty principle. Some attempts have been made to formulate 
the problem as in the work of Sroubek ec a/60 on the state of 
sputtered ions and the work of Blaise61 on sputtering of metal 
atoms in excited states from oxides. In principle the problem could 
perhaps be formulated in a stationary state approximation 
predicting energy levels and occupation probabilities at succes-
sively increasing particle surface separations. Such an approach 
has been formulated completely for the interaction of H with a 
jellium target61 . However for any situation involving more 
complex electron structures the formulation problems become 
formidable and no generally applicable scheme is available. One 
would expect to await guidance from theoretical consideration of 
hi-particle collisions where problems are similar. Kelly 58 admits 
defeat on the matter and adopts a statistical model. This involves 
an estimate of the probability that the recoil collision event will 
lead to an energy transfer required to cause excitation, E ,, 
followed by a distribution of population into the various 
degenerate states of energy E;. Assuming that unperturbed energy 
levels are appropriate to the interacting particles one can then 
develop an expression for yield as a function of excitation energy E ;· 
The general prediction is of excitatiOn probability decreasing with 
excitation energy £1 and having a distribution very similar to that 
predicted hy the discredited LTE model. (equation (4)). We show 
in Figure 7 the prediction by Kelly 5 " for AI which reproduces the 
curvature of the data while the L TE model predicts a straight line.· 
the new statistical model still shows substantial discrepancy wlth 
experiment. 
Our general conclusion is that the models based on collective 
and pu~ely solid state concepts do not permit any detailed 
predictions; in the case of the L TE model the initial assumptions 
cannot be justified. \Ve prefer. following Kelly, to argue that we 
must consider the detailed interaction of the ejected atom with the 
recoil partide that caused ejection. A quantum mechanical 
treatment should in pnncipte permit description of the process. 
Since that is technically unfeasible at present one can provtde 
some useful prcdictwns of relauve mtensity from the statistical 
model of Kelly 5 ". That model has not yet been applied to 
compounds or alloys. 
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3.2. Decay mechanisms. Radiative decay of sputtered utolll\ will 
occur in free ~pace ~o that line~ will be trom isolat.:d atomsvl\i.:h 
are well known. Numerous standard listmgs of waveleng~ are 
avaiiable. There are however pra.:ucal con.:erns in rebl:ing 
emission intensity to state population. In general an excitedstate 
decays by more than one transition. To determine level po,tlla-
tion one should. in principle. measure intensities of all dec~s of 
the excited state and add them together. This will require tlul the 
relative detection sensitivities be accounted for and if 10me 
transitions lie in unfavorable wavelength regions this may DIDit he 
very accurate. An alternative procedure is to use tabuiJted 
transitiOn probabilities to estimate branching ratios and thereby 
estimate level population from measurement at a single :aa1 e-
length. A further complication is that an excited state ~ ·1e 
populated by cascade from higher levels so that the meamr.:d 
population is not that for the original excitation process. All 
cascading transitions should be measured and subtracted :tom 
the signal due to decay of the state of interest. Again rebfive 
detection sensitivity must be calibrated. In practice cascade 
population is often small and can be ignored. Further if w.ly 
relative measurements are required then branching in decay:R·ty 
also be ignored. While sputter ejected species are gellCT.llly 
monatomic one sometimes observes spectra of molemles 
particularly ofN ~ " 3·"*, 0 2 
63 and CH. These are readily recogxmed. 
Sometimes. however. populations of high rotatiOnal states ca lle 
unexpectedly large6 ~leading to broad continua that are not ast•y 
identified. Furthermore there are a number of reports of bmai 
continua""-"" that emanate from sputtered molecules •ith 
repulsive ground state configurations. Study of such continua is a 
continuing project and the relevant states are not yet 'lltll 
understood so that they are of little value for analytical purpost:'s. 
3.3. Applications to surface analysis. The use of ion induced optical 
emisswns for surface analysis was suggested first by White 1!1 ai" 1' 
who coined the acronym SCANIIR (surface composition anai!sis 
by neutral and ion induced radiauon). They demonstrated it3 
potential by producing spectra of dried blood. meteorites.. ;mj 
glasses induced by Ar • ion impact 73 . A manufacturer of sciel'llnfic 
equipment even produced a device for sale consisting of an ion 
accelerator and optical muluchimncl analyser: this was oot a 
commercial success. SCANIIR should have advantages and 
disadvantages very similar to the well established Sil\lS lfch-
nique. The inelastic processes leading to sputtered ions anaf to 
sputtered excited particles should be essentially the same. lhe 
basic process is not understood in either case and matrix e&cts 
confuse interpretation of data. Both involve sputter erOO>On 
destroying the surface under study. A major potential advalfJ.:Ige 
of the optical technique is that a high optical resolution is 1ery 
- easy to achieve and spectral idl.!ntdicallon is unamhiguolli. In 
SIMS the mass analys1s is quite complex and overk:ppi~ of 
peaks. particularly mvolving molecular complexes. can co~t;\Jse 
interpretation. SCANIIR is a ~imple technique only for V.Jlve-
lengths between say 2000 and 6000 A. Lower wavelength~ are 
possible if the complete optical path is evacuated and h~her 
wavelengths suffer from poor detector sensitivity. If a spccieslil1es 
not have a ~trong radiative decay in the 2000 6000 A reg1nn ~hen 
it is not readily detected. 
A true quantitative analysis of a surface is possible only •dkn 
th'!re is a theoretical understanding of the signal one is dcteamg. 
This is certainly not the case for ion mduced photon enus.,.,on 
although one could still provide ari analysis by refercncr to 
standard sample if excitation efficiencies wert mdependent o!the 
j 
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matrix. This turns out to be a severe problem for ion induced 
optical emission-as indeed it is abo for Sl MS. Frequently as one 
moves from a pure metal to an oxide or to an oxygen covered 
surface the signal increases great!; as illustrated in figure 12. 
The same phenomenon occurs for nitndes '-4. CO covcredH 
surfaces. etc. A further. perhaps related. prohlem is that in most 
situations little or no signal is observed fmm H. C. Nand 0 when 
they are incorporated into the surfacc. The problem here may be 
that they sputter principally as negative ions which have no 
excited states. One might anticipate useful analyses when the 
species of interest is present in the matrix as only a trace dement. 
Since the ejecting atom interacts only with its imr.1cdiate 
neighbours the matrix effects will be constant provided the 
element of interest is present only in a small fraction of the latt1ce 
sites. 
Ion-induced optical spectra will of course always be a direct 
characteristic of the surface and can act as a 'finger-print' to 
permit its identification. This is, however. not as valuable as a 
compositional analysis. 
We shall discuss first circumstances under which optical 
emission has already proved useful in quantitative and qualitative 
analysis. We turn then to an applicati::m that has the potential for 
determining surface structure. 
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Figure 12.lmensity or the Si I 2882 A line induced by SO keY Ar • impact 
shown as a 1200 A I hick SiO~ surface on an S1 suhstrate is profiled. N01e 
that the intensily seal<: is logarithmic. Signal is shown as a function of 
bombardment time (and hence dose 1. The authors made no attempt to 
convert to a depth scale. From White er u/' 3. 
3.3.1. Quantitative and qualitative analysis. Quantitative analy-
sis will be possible when the clement of interest is present in 
relatively small c;uantities. Detection sensitivities were assessed by 
Tsong and Yusuf76 for a variety of clements using NBS glass 
samples of known composition. For each clement the chosen 
wavelength was that which gave mnimum signal provided 
always that the excited state lifet1me wa~ of the order 10- ij s or less 
so that decay took place in a small spotial region. In Table I we 
show the chosen lines and .:stimatcd detection sensitivities. An 
estimate is given also of the fraction of ejected atoms that radiate 
at the wavelength of det<~ction. It 1s noted that the h1ghcst 
sensitivity is achieved usmg states of low exci1ation energy ;md 
that for alkali metals a sens1tivity of 1 ppm (by weightl is 
attainable. Knudsen t'l a/' 7 have also provided spectra from 
various metals and shown what wavelengths in the range 
1000-3000 A are most favorable for analysis of certain metals and 
semiconductors. The fraction of sputtered Si and Ni ,ll!lms in 
excited states is provided by measurements of Withams et ,,(•. 
The various absolute figures of sensitivity or of y1eld per sputtered 
particle are ;,tpplicablc only for the matrix used in the ,mgin<!l 
study. The data of Table I are applicable to silicate glasses and 
may be valid also for other insulators. For metals. however. 
radiationlcss de-excitation may occur reducing both signal and 
sensitivity. 
Tsong and co-workers 74 •8 1.8 2.K 4 have used optical emissions 
to study composition of a variety of mineralogical specimens. 
Relative concentrations of Si. AI. Fe. Ca. Na and K have hccn 
det::rmined8 1 in a variety of Feldspar samples and agree to within 
a few per cent with electron microprobe analysis. Of particular 
interest is the determination of hydrogen in natural gem 
diamond'". in GdF / 3 in topaz~ 0 • siliconxo and titanium~"- The 
depth profiles of H in an :~-Si tilm on Gc and GdF-' films on glass 
were determined by following the H, intensity as a function of 
dose as the film was eroded by the projectile ion beam. The study 
of H is particul~1rly significant since it cannot be detected by the 
conventional technique of Auger spcctroscopy. Tsong and Liehert 
estimate80 that the detection limit of H by this technique is 1500 
ppm. A problem in depth pro tiling is that the dose of the exciting 
beam must be related to eroded depth by a sputtermg coefficient 
determined in a subsidiary experiment. Depth resolution is 
defined primarily by homogeneity of the incident beam. A further 
group of studies on glasses by Bach84-H 6 studies intcrdiffusion of 
Si from an Si02 layer with Pb and B within the substrate glass. 
A general attempt to perform analysis of metals has been made 
by MacDonald and co-workers-4 3 _.,as well as Okatani47 using 
steel samples of known composition as standard targets. They 
invoke the Anderson -Hjnthornc L TE modei 37 •3H to permit 
estimatrs of relative concl!ntration. We have discussed this model 
earlier and shown that 11 has no physical bas1s. Moreover Tsong et 
a/48 point out that each constituent of the steel must be 
represented by a difTcrent (and unpredictable) effective tempera-
ture. While a rough assessment of composition may be obtained 
the results are not encouraging. 
We should· mention also an interesting suggestion of Meriaux 
et a/81 to usc the optical emission for mapping purposes. They 
illuminate a sample with a broad projectile beam and view it 
through a microscope fitted with a narrow band optical filter ta 
Fabry Perot ctalon) at the wavelength of one of the expected 
constituents. In practice a vidicon camera and screen is used to 
enhance detection sensitivity. One ach1eves a picture of the surface 
taken at the wavelength of one of its constituents and therefore 
showing the distribution of th:ll constituent over the -;urfacc. By 
changing the transmission wavelength of the filter one may map 
tile distribution of difTerent clements. The technique was de-
monstrated by studying a mixture of magnesium and aluminium 
crystallites. 
It is worth considering at this point some oft he advantagesM 1 of 
the SCANIIR technique. The equipment is relatively cheap heing 
only an ion gun. spectrometer and recording system. The spectra 
contain fewer lines than in ordinary spectra chemical analysis by 
an arc discharge. making identitication and anal) sis a more rap1d 
procedure. Multielement analysis is simple and spatial resolution 
can be d..:fincd easily by opti~o:al means. There are certainly 
problems in depth resolution due to probing beam mhomogcn-
cities anu ion induced mixing but these arc of course also pre.;cnt 
in SIMS. 
3.3.2. Dctl't'tion or interfaces. During sputter etching of layered 
materials It is sometimes important to determme when a layer has 
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Table I. .-\b"•ia:c photun ) tdd ~'.pr~s • .:J ~' numh~r c•f phot•m' cm:tt~J p~r >putto.:rcJ atom ior th.: pn•rnmcnt hn~s oi 34 ckrncnts. Thi! Jctc~o:IHln 
limns for th.:se dements are also ~~\~n. 
Ltnc Energy of upper :.:, d Photon per ~puttered atom 
Element !AI leVI I X iO. Jl 
Ag 3~81 3.77 10.14 
AI 3962 3.14 ~.55 
B ~497 4.90 0.:!6 
Ba 5535 ~-~4 1.44 
Be 2348 5.:!7 0.~~ 
Ca 4227 :!.93 3.00 
Cd 2288 5.41 0.21 
Ce 4187 3.51 0.095 
Co 3453 4.01 0.41 
Cr 4:!54 2.91 1.73 
Cs 4555 2.72 4.58 
Cu 3247 381 3.83 
F 6902 14.52 0.007 
Fe 3581 4.31 0.75 
Ge 3039 4.95 0.75 
H 6563 12.09 0.35 
In 4511 3.0:: .1.18 
K 7665 1.61 .1.69 
Li 6708 1.85 8.37 
Mg 2852 4.34 6.99 
Mn 4034 3.07 2.47 
Mo 379H 3.26 5.33 
Na 5890 2.10 7.41 
Ni 3415 3.65 0.71 
p 2536 7.::0 0.003 
Pb 4p58 4.37 0.082 
Re 3460 3.5X 0.75 
Si 2882 5.07 1.28 
Sr 4607 2.69 4.10 
Ta 3311 4.43 0.083-
Ti 3653 3.4>1 0.18 
Tl 3519 44H 4.65 
Zn 2138 5.7ll 0.009 
Zr 3601 3.59 0.11 
been penetrated as for example in the removal of SiO 1 from an Si 
substrate. This can be conveniently performed by following the 
optical signal of one of the constituent elements. Figure 12 shows 
the record of White el all 3 for profiling through an Si01 layer on 
Si; the large chan!!e in optical signals is due primarily to a change 
in the matrix related eflkiency for exciting the state. Similar effects 
are seen also in SIMS spectra. The advantage of the optical 
emission over SIMS is that no equipment is required to intrude 
into the vacuum chamber. Optical em1ssions during plasma 
etching or surfaces (as in device fabrication! can abo provide 
qualitative indications or erosion rates and detection of interface~: 
the arrangement used would be similar to that described by Kelly 
et aJMH 
3.3.3. Determination of surface structure. The above discussions 
have been concerned with comp<lSition analysts. There is one case 
where surface ~truclUre has he.:n determined and which could 
perhaps be dcvdoped intL) a technique oi general applicability. 
Thomas and Hstathious'• have studied nttro.~en molecular 
emission uH.luced hy inn impact vn nitrogen implanted siltcon 
surface. The N 1 erntssion is in tho: 0-0 vibrational transttJOn Ill · 
the C 3.'! ..... B Jrr band ami is found tv have an extended rotational 
structure. At tirst stght t>ni: would e\pe~t an :"-l, mokcult: tln anSi 
surface to bo: in thermal eqmlihium with its surroundings anJ 
that ejection and cx.citation should he by a Franck Condon 
1042 
Dett>c:tlon limit 
lppm by w.:ightl 
~00 
50 
100 
ROO 
50 
50 
200 
:!500 
soo 
300 
100 
150 
3000 
300 
500 
15 
500 
10 
I 
4U 
:!00 
1.50 
I 
400 
7500 
5000 
400 
::so 
200 
3500 
7<Xl 
500 
6300 
1300 
transition that would not alter rotational state population. Thus 
an N 1 mokcule sputtered from a room temperature surface 
should show a Boltzman distribution of rotational state popula-
tion with an effective rotational temperature of, say. 300 K. In 
Figure 13 we show the measured rotational state population as a 
function of rotational quantum number in a so-called Boltzman 
plot. In this representation a thermal population should give a 
straight line of slope related to temperature. The data of Figure 13 
are n1Jt 0:1 a straight line so that no single temperature IS 
appropriate. Similar non-Boltzman distributions are observed for 
NO scatteredY" u very low energies from i\g. Non-Boltzman 
distributions with ~ignilicant high J population are apparently a 
char;.tcteristic feat.lfe of molecules that have resided on a surface. 
An explanation for this phenomenon has been prclvided by 
Gadzuk :md co-workers~ t who have pointed out that a molecule 
residing on a surface cannot have the same quantum mechamcal 
description a-; a free rotor. They formulate the rotational qructure 
of anN~ mokcule assuming rotation occurs in an intinJte conical 
well of half-angle II. In effect the molecule is cons1dered as a dumb-
bell with one atom iixcJ on tho: surface and the other rotating 
about a normal to the surface: rotation occurs only for angks 
between dumbbell axis and surface normal th:u are less than the 
h:llf-angir: of the con:cal p;Jtcntial fun<.:tion. This is called a 
hinden:J mtator and II is assumed that the rotation.•! states arc 
populated in a Boltzman distribution appropriate f<J surface 
us 
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Figure 13. Plot of rotational state population P1 as a functional of 
rotational quantum number J plotted in the form In P "'J (J + 1 ). The data 
holid line~ is for the 3371 A band of N, excited bv 50 keV N • lor 100 keV 
N{) impact on S1. Population is de~ivcd by dividing intensity by the 
Honi-London factors. Also shown are the predictions for a hmdered rotor 
model with an infinite conical well of half angle YO (dot -da:;h line I. From 
Thomas and Efstathiou"". ~ 
temperature. Ejection is simulated by removal of the hindering 
potential so that a free space rotation results. The population 
distributivn of the free rotor is given by the overlap integral of 
hindered and free rotor wavefunctions with weig~tings appro-
priate tot he original population of the hindered rotational states. 
The result is that the populatton in the free rotor is non-Boltzman 
with a significant population of higher rotational quantum 
number states. In general terms this is similar to the observations 
in Figure 13. The modd has been applied to the case of N 1 and a 
calculation for a conical potential of half-angle 90 is shown in 
Figure !3. There is a general qualitative similarity between 
experiment and simulation suggesting that theN 2 molecule on an 
Si surface rmates in a well of half-angle 90·. Other angles have 
been trid and provide less satisfactory agreement. At this stage 
the theoretical model is quite crude: in particular the use of an 
infinite conical well is certainly inappropriate and a softer 
potential function should be employed. It seems possible that by 
refinement of the model one could obtain a closer agreement with 
the experiments and thereby determine in detail the form of the 
potential well in which the bound molecule rotates. 
Extension of such studies to other molecules can be envisaged. 
For example Kelly et a/~ 2 have shown the optical spectrum of BH 
sputtered in an excited state from a boron surface and pronounced 
irregularities in rotational state population are evident. There is 
also substantial record93-" 5 of CH. OH. AlO and other molecular 
spectra by bombardment of contaminated metal surfaces which 
also seem to show rotationally broadened features. These various 
observatit'ns are now being re-examined to ascertain whether 
they can b: used to determine the form of the hindering potentials 
governing rotation of molecules bound to surfaces. 
3.3.4. Fundamenral studies of spuncring. The study of ion-
induced optical emissions rema1ns an area of active research for 
the purpose of understanding the basic collision mechanisms 
leading to excited state formauon. Many of the mon: active areas 
are reviewed by Kclly~n. Studies have been made of how s1gnal 
strength varies with distance from the surface with the expectation 
that the decay Jist a nee is related to the product of ejected parttcle 
speed and excited state lifetim..:. From such data sputtered particle 
energies of up to 5 keV havt: been inferred'' 7 altlwugh a range of 
10-100 eV is more usuai"K-IoJ. lt appears that typical speeds of 
excned particles represent the mo!'ot t:n..:rgetil· of the total part1dc 
flux sputtered from a solid. It is. however. possthlc that the 
observations are faulty due to poor spatial resolution and energy 
distribution Jerived from Doppler hroadened line shapes are far 
lower than those determined from spatial decay paramt:ters ", .. _ 
There is also an active consideration of how the matrix inllucm:es 
emission intensity, particularly the effect of oxygen which almost 
universally causes an increase in excited state formation. The 
general question of a theoretical description is a matter of concern. 
The formulations of Kelly 5H provide a useful statistical theory to 
relate excitation probability of different levels but do not explain 
matrix effects nor the intluence of surface oxygen. 
4. Conclusions 
The study of optical and Auger emission remains a subject of 
current scientific interest. Only recently have the Auger spectra 
been properly identified and their potential for studying inelastic 
collisions in solids has not yet been exploited. Optical emissions 
are fairly unambiguous but the theory of excitation events is not 
yet formu Ia ted. Optical emissions have been proposed as a surface 
analysis tool and some use made of the technique. The principle 
problem is that the intluence of the matrix on excitation efficiency 
is quite unpredictable. This problem is. however, common also to 
the SIMS technique that has been commercially exploited. The 
potential advantage of the optical technique is its ability to resolve 
different species quite unambiguously with relatively low cost 
equipment. Moreover the equipment is external to the vacuum 
system and requires only the provision of a suitable window. 
Optical emissions have been used frequently for analytical 
purposes in the research environment but have not. as yet. been 
developed into commercial instrumentation suitable for routine 
analytical use. 
R~ferences 
1 C W White. E W Thomas. W F Vander Weg and N H Tolk, lnei<J.\lic 
lon-Surtuce Cvllisiun' (Edited by N H Tolk et u/), Chapter 8, Academic 
Press, New York (1977). 
2 R A Baragiola. fon-fnduced Auger Emi.,~ion from Solids. lnt>/asric 
Parricle-Sur/uce Co/Ji.,·ions. !Edited by E Taglaucr and W Hetland!. 
Springer s~nes in Chem1cal Physics. vol 17, p 3R. Springer. Berlin IIYXI ). 
l R A Baragiola.Rw/ E!jects. 61. 47 (19H2J 
" E W Thomas. Proq St.rjace Sd. 10. 3!l3 ( 1980). 
5 C Snoek, R Geballc. W f Vander Weg, P K Rol and D J Bierman. 
Phy~ica. 31. !55J (19651. 
"T W Haas. R W Springer, M P Hooker and J T Grant, Ph_rs Lm. 47A. 
317 ( 1974). 
• W A Metz. K 0 Legg and E W Thomas. J Appl Pl!ys. 51. ~~SX 119XOJ. 
"D Hassdkamp and A S<.:harmann. Vukuum Tecltnik. 32.9 IIYX3!. 
~ M Nt!~.:re. J Mischler and N Bcnazeth. Sur/ace Sci. 107. 562 ( 19X I J; J 
Mis<.:hlc;. M Ni!grc and N Bcnatcth. Nad El!i·o.,. 7U. I I 7 ( 19X31. 
1" C Bcnazcth. N Bcnazclh and L Vicl. St~r/ace Sci. 7!1. 625 (I Y7X J. 
11 M Barat and W Lichtcn. Phn Rer . ..\6. 211 I 1972!. 
12 R Whaley and E W Thomas. J .--tppl Phvs. 56. 1505 (19~41. 
•J K Wittmaack. Surface Sci.!!~. 69 (19791. 
••• J J Vrakktng and A Kroc~. Slir/ace Sci. 84. 153 11979!. 
14
h C Bcna.reth. N lknazcth and L Vicl. Rad El/~ct.,. 69. 143 I !9X31. 
1 ' [) S<.:hn~idcr. G Nolbc. V Wtllc and N Stoitcrfoht. Pl1r., Rer, .-\21!. 161 
t19!l3). 
'" DR Penn. J Elnumr Speormc Rl'iac Pilt'llom. 9. 29 11976). 
1 ' N Bcnazcth .. Yud lmtrum .\1.-ch. !94, 405 ( lYlCl. 
'" K 0 Lcgg. W A Mctz and E W Thomas. J App/1'/n·.,. 51.4437 I I<JXOJ. 
•• P Dahl. M Rodhro. (j Hermann. B Fa>trup and ME lhu.Jd. J l'lr_n. B. 9. 
15XI (1971>). 
1043 
---
Edward W Thomas: !on bombardment induced photo•1 and Auger em1ss•on for surface analysis 
20 E W Thomas and R Wh,lkV, _Vue/ flr,rrwn _\fctil, BZ. 511> !19K4). 
: 1 D W \-1arquardt- J Soc tnJ lf•rl .\l,ull. II. -IJ! ti'IOJL 
z:; McGt•ire. PIJrs ll<'r . . U. 5X7!1971). 
23 L Vid. C Bcnalcth ami N Bcna1~1h. Sur/ace Sd. 54. 635 I 197h)_ 
""A A Dorozhkin. A A Pctrov aml N N Pctruv. b Akml .\'auk SSSR. 
Ser Fi:. 43, 619 ( 1979). 
B A A Dorolhkm. t\ A P.:trov and N N Petro''· Sori•·t Pht·., Solid Sral<!. 
20. ltl60 (19711). 
20 A A Dorozhkin. A A Pctrov and N N Petrov. :i<>l'll't Pl1n Solid SlUff.'. 
21, 545 fl979l. 
:' J D Andrcadis. J Fine and J A A Mathew. to be: publi~hcd. 
2" H Dusterho[t. Plrn Stut Sol. tal 50. 503 i197S 1: Z Jt;rda. 1m J ,\fa.<., 
Spe('lrom hm Pin·.'· 12. JJ l !973)· Z Jurela . .\'ud lmtrwu Mer h. 194, 597 
(198~). 
! 9 z Srouhl!k. Pill'.' Rer. B25. 60-ln ( 19!-121. 
30 V U Kito~ and E S Parilis. Sur/a,·<' Sci. 107 . .1h3 i19S I L 
.11 M lwami. S C Kim. Y Kataoka. T lmtJra. A Hirahi and F Fu_iimoto . .lpn 
J App/ Pin·-'· 19. ! 627 ( 191\0 I. 
32 A Von Hippe!. -~"" Pin·"!.. !!0. 672 I 19261. 
33 H Sporn. Z Plini~. 112. 27~ I !9391. 
3
• C Snoek. W F Vander Wcg and P K R"l. Pln.,inl. 30 • .341 (1964). 
35 W E Baird. M Zivitz. J Lars~n and E W Thom~~- P/rr., Rer. A 10. 2063 
(19741. 
J~ E W Thomas. Exriwtion i11 Ht·ary Panic!<' Col/i.,iom. p 57. John Wiley, 
New York (1972) . 
.l' C A Andersen ;md J R Hint horne. Sdellc<'. 175, 853 ( !972). 
n C A Andersen and J R Himhorne. Aualrt Ch<'m. -15, 1-121 (19731. 
39 C J Good-Zamin. M T Shehata. D B Squ-ire~ and R Kelly. Rad E!li!<·ts. 
35. 139 (1978) 
"'° K J Snowdon. Rae/ El/l!ct.'. ~fl. 9 I I 9791. 
•• K J Snowdon. G Caner. D (j Armour_ B Andersen and E V..:je. Sur/uce 
Sci, 90. 429 0979 ). 
•z K J Snowdon. B Andersen and E Vej.:. Rwl Ettens. 411·. 19 11979). 
·0 R J MacDonald and P J Martin. Swtaa Sci. 67. 237 ( 19771. 
"'"' P J Martin and R J MacDonald. Sur/a,·e Sci. to!, 551 (1977) 
"' 5 R J MacDonald. R F Garrell and P J Martin. Sw:Juce Sci. ~·s. 155 L 
(1978 ). 
"'~ R J MacDonald and P J Martin. Sur/an· Sci. 6lo. -123 ( 1977 ). 
. , T Okutani Jnd R Shimizu. Sur/an· Sci. SH. LSI I 1979). 
~• I S T Tsong. Surtao: Sci. 75, L159 ( l97H I. 
"'
9 A Cobas and W E Lamb. Plln Rer·. 65, 327 t 19-14 ). 
~ 0 W E Baird. M Zivitz and E \v Thomas. Phn RtT. A 11. S76 ll9751. 
51 E 0 Raus~h. H lnouy..:. A J Senol and E W Thomas. Ph.r., Rt•r. Al7.473 
(19731. 
12 C W \Vhite and N H Tolk. P/ir., Rer Leu. 26, 4R6 (1971 I. 
53 C W Whit.:. D L Simms. N H Tolk and D K McCaughan. Sw/uce Sd. 
49. 657 (1975). 
~ ... R Hrppler. \\i Kruger. A Scharmann and K H Schanner, .Vucllll.,t/'11111 
Mt•th. 132. 439 119761. 
H C B K.:rkdijk and R Kelly. Rad £1/e<'l.,, 3!!. 73 ll97X I. 
5
' R L Erickson and D P Smith. Pilr' Rer L<'ll. ~. 297 (1975). 
51 N H Tolk. J C Tully. J Kraus. C W While and S H Nerr. Plrrs Rer L<'ll. 
36. 747 I 19761. 
5" R Kdlv. Plrr:. Rt'r. 825. 700 (19!CI. 
59 M Szy~ons.kl. ,·\ Pnradz"z and L Gahla. Sur/ace Sd. 112. 254 119X I). 
00 Z Sroubek. K Zdanskv and J Zavadil. Plrn Ru- Ll'll. 45, 5XO I 19XO). 
~ 1 G Bla1ze. Surtm ,. Sci. 6o. 65 I 1976 L . 
h 2 L W Carlson and N F Lane. J Pin·,_ Bl2. L~57 (1979L 
h.• L Efslalhiou and E W Th<>nla,. :Vue/ {INrtlm .\t,·tll. 194. 5~9ii9S~I. 
... E W Thomas and L Efstathiou .. Yud /n.,/1'11111 Melli. 112. 479 ( IQX41. 
" 5 K J Sno,Hlon. W H..:lland and E l'aglau.:r. Plln 1\er Lett. ~6. ~S4 
09~1 ). 
1044 
~~ T S Kiyan. V V Gnts\na. Yu [ Logat·he\' and YaM FP~Z<:~. /I• Cl r p,, 
Red, 21. i7 11975:. [Svnet Plr_t·.\lo JE.TP Lt·u. 21. J5 (1~751.] 
01 C W White. N H Tolk, J Kraus and W F Vander Weg, .'V:KI fn,trum 
,\f,·tlr. I.J2, ~19 {!976L 
'~ C B Kerkdijk. K H Schartncr, R Kelly and F W Sans . .Vue/ fn,trum 
M.:tl:, 132,419 (197ol. 
69 C B Kt:rkdijk. K H Schartner. R Kelly and F W Sans. 'Nud /11.\trum 
Merh. 132. -l.!i 119761. 
70 E 0 Rausch. A I Bazhin and E W Thomas, J Clrem Pht·.,, 6~. 4447 
(1976). 
' 1 V I \! ckskr. So riel Pl11·s Solid Sture. 22. 1529 (19XO ). 
·= R Kdly, S Dlloba. N H Tolk and J CTully. Surtac..Sd. 102, 4H6ii9R11. 
" 3 C W Wh1te. D L Simms and N H Tolk. Scie!!ce. 177. -IHl ii'P21. 
'" R S Bhattacharya. J F V;m dcr Vecn. C B W Kcrkd1jk and F W Sans, 
Rad Elf<'rt.,, 32. 25 ( 19771. 
'~ R J Ma,Donald. E Taglauer and W He1land. Aprl Sur/ace Sci. 5, 197 
{ 19X0). 
'"IS T Tsong and N A Yusuf. Appl Phn Lt'll. 33.999 (19nl. 
"A R Knudson. D J Nagel, J Comas. K W Hill. ,Vud lmtrum tH<!th. 149, 
507 (197!0. 
"" P Williams. I S T Tsong and S Tsuji • .Vue/ lnscrum .\tech. 170, 591 
(19XOI. 
'
9 V l Veksler. Sori(.'t Phr' Solid Swtt'. 22. 1529 I 19!!0). 
"
0 I S T Tsong and R B .Liebert . .Vue/ /11scmm .\h•tlr. 1~9. 5~3 fi97R). 
"1 IS T Tsong and A C McLaren. Nawre. l~H. -13 (1974!. 
" 2 IS T Tsong and A C Mc.:Lan:n. Spe,·rrochim Acra. Jtl!J, 343 (19751. 
".II S T T,opg and AS Bhalla. Arrl Plrn L(.'t/. 32. JXI (197R). 
"~ H Bach. Rad E/lect.,, 28. 215 (1<)76 ). 
" 5 H Bach, J Nmr-Cry.,r Solids. 19. 65 {19751. 
"'H Bach. fn,t J Ata.,s Sr~:ctrom /o11 Pilrs. 9. 2-17 !1972). 
"
7 J P Menaux. J M Ciutticrrez. Ch Schnctder, R Goulle and('! Gu1lland. 
Now· Ret· d'Opti<l'"' aprli'f"''· 2. S I I 19711. 
'"A Kelly. SA Slmashankar and J J Cuomo. J Vue Sci Tl'cilllol. 21,774 
( 19H2). 
89 E W Thomas and L Efstathiou. Nud /nstrtun ,'>fee h. 82, 479 ( 1984). 
•o A W Klcyn. A L Luntz and D J Auerbach. PhP Rer Lm . .;17, 1169 
{ 19X I); A(' Lunlz. A W Klcyn and D J Auerbach. Phy., Rcr. B25. 4273 
( 1982) . 
~~ J W Gadzulo... U Landman. E J Kuster. C L Cl<:veland and R N Barne([, 
Pin·., Rer Lell. 49, ~26 119~2). 
•z R Kdlv. S D1ioba. N H Tolk and J C'Tullv. Sur/an' Sci. 102.41<6il9SII. 
" 3 G E Thomas. E E ,Je Kluizcna<~r and M. Bcerlage. Chem Plrys. 7, 303 
{ !975). 
·~ G E Thorn;, and E E de Kluizenaar. L<' Ville. 167, 190119731. 
" 5 G E Thom;1s and E E de Kltuzcnaar. /111 J Mas., Spt:unmr loll Phn. 15, 
lh5 H9741. 
"" R Kelly. fllcla.,n<· Parlidl! S1w/<1<'<' Col/isio11s. Sprmger Series in 
Chemtcal Phvstcs. Phystcs. !Edited hy E Taglauer and W Heiland). ;ol :7. 
p 292. Springer. Bcrlln ( 19H I). 
•' V V Gritsyna. T S Kijan. A (j Koval and YaM Fogel. Rwl E!/ects. 14, 
77 (19721. 
•• S Dti,)ba. A Am:ic!lo and R Kelly. Rwl Ef/,•us. 45, 235 (19XOi. 
99 G N PolyakO\<t. A l Ran;mk. VI (ierasllm:nko and 0 A Opakv. Sm ier 
Pflr., Tecir Plrn. 21.32 (19X21. 
11"i (.j L Mladcnm ant! M Braun. Pill'' Scur Sol. 53. 631 1 19791. 
101 M R 1\rlprrow. A Am:icllo. S D Zit>ha and R Kelly. Sur/an• Sci. 97,2-13 
119X0). 
1 "~ S Dnoha and R Kellv .. Vud /mTI'Illll.\fer/1. 11121!0. ~07 ii9XIi. 
1"·' T S Kivan and V V Cin~>vna. {;r-c,tlm. 43.595 (1'179) 
1' .. ' C ,\1 L;lXtnn. R J MacDo~ald ~md E -Taglau.:r. Sur/<1u· Sci, lll2. L 71> 
ll9X II 
Reprint 12 
NUCLEAR INSTRUMENTS AND METHODS 168 (1980) 379-382; © NORTH-HOLLAND PUBLISHING CO. 
ION INDUCED AUGER SPECTROSCOPY 
E. W. THOMAS, K. 0. LEGG and W. A. METZ 
School qf Physics, Georgia Tech, Atlanta, Ga 30332, U.S.A. 
Auger electron spectra are induced by impact of heavy ions (e.g. Ar +) on surfaces; it has been suggested that analysis of such 
spectra would be a useful technique for surface analysis. We have examined the Auger spectra for various projectile-target 
combinations and present as representative data the spectra for 100 keY Ar+ impact on AI, Cr, Mn, Fe and Co. For a 
projectile incident on a species of higher nuclear charge the spectrum is dominated by Auger lines from the projectile, 
broadened considerably by the Doppler effect due to the projectile's motion. The spectra are not characteristic of the target and 
therefore offer no opportunity for surface analysis. For a projectile incident on a target of lower nuclear charge the spectrum is 
that of the target species but the spectrum is consistent with the source being sputtered excited atoms; the Auger electrons do 
not come from the surface. We conclude that the ion induced Auger spectra are in general not a convenient method for 
surface analysis. 
1. Introduction 
Auger electron spectra induced by electron im-
pact provide an accepted technique for analysing 
the composition of a surface. Auger electron spectra 
are also induced by ion impact on a surface. It has 
been suggested 1) that surface analysis might conve-
niently be performed by recording the ion induced 
Auger spectrum. The purpose of this paper is to 
examine this suggestion. We present various Auger 
spectra induced by ion impact, discuss the nature 
and origin of the ion-induced Auger electron spec-
trum and conclude that the exitation process is far 
more complex than for electron induced Augers. 
The experimental arrangement employs a con-
ventional Varian Auger electron spectrometer using 
a cylindrical mirror analyser (CMA) to analyse elec-
trons ejected from metal targets in a uhv environ-
ment. The incident ion beam was produced by an 
Ion Implanter capable of operation from 30 to 
200 ke V. The angle of ion beam incidence was 
approximately 60° to the sample surface normal; 
the CMA axis was at 35° to the surface normal and 
therefore at 95o to the incident ion beam. Samples 
were prepared by mechanical polishing and electro-
polishing. Further in-situ cleaning was possible by 
sputtering using either 100 keV Ar+ ions from the 
accelerator or 3 keV Ar+ ions from a separate ion 
gun. Auger electron spectra were produced using 
energetic ions from the ion implanter; for compari-
son purposes we could also produce electron 
induced spectra using the integral electron gun 
fitted co-axially in the Varian CMA analyser. Spec-
tra were recorded in either the derivative mode 
(using a 5 eV modulation of the CMA voltage) or in 
the integral mode by pulse counting using a multi-
channel analyser (and with no spectrometer modu-
lation). In general we preferred to use the integral 
mode of operation since this provides the true 
shape of the Auger spectra lines. However for the 
low energy LMM lines of heavy metals the Auger 
peaks are superimposed on a very intense secon-
dary electron background; in such situations the 
derivative mode of operation was necessary in order 
to establish the existence and energy of a peak. 
2. Results 
We shall consider first the spectra induced by 
Ar+ impact on aluminium. The spectrum is domi-
nated by Auger lines from the target as are the 
spectra for other targets (e.g. Be and Si) whose 
nuclear charge is less than that of the projectile. 
Fig. 1 shows integral spectra and fig. 2 derivative 
spectra. The integral spectrum for electron impact 
(fig. 1a) and that for ion impact (fig. 1 b) are similar 
in that they are dominated by a line at 67 or 61 eV 
which one may confidently ascribe to the filling of 
an L-shell vacancy2). There are however significant 
differences in detail. The electron induced spectrum 
shows a tail towards lower energy which is related 
to energy loss by the electrons as they traverse the 
distance from the point of excitation to the surface; 
electrons excited below the surface are observed at 
lower energies than those excited at the surface. No 
such "loss tail" is seen on the ion induced spec-
trum. Analysis of the derivative spectrum taken 
with electron impact (fig. 2a) shows subsidiary 
peaks at 15 eV and 27 eV below the main peak 
which are consistent with Auger electrons emerging 
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Fig. I. Auger electron spectra taken in the integral mode. (a) 
3 kV electrons on aluminium: (b) 100 kV Ar+ ions on alumin-
ium, (c) 3 kV electrons on oxidised aluminium; (d) 100 kV Ar+ 
ions on oxidised aluminium. 
after having excited bulk and surface plasmons3). 
The ion induced spectrum also shows subsidiary 
peaks (at 48 and 55 eV on the integral spectra) but 
their position is not consistent with plasmon excita-
tion. In spectrum I c we show the spectra observed 
under electron impact for an oxidised surface; the 
whole spectrum is changed. The electron induced 
Auger electron is emitted by filling of an L-shell 
vacancy by an electron from the valence band with 
the simultaneous ejection of a second valence band 
electron. The oxide has a different valence band 
structure from the metal and consequently exhibits 
this different Auger spectrum. No such change is 
seen in the ion-induced spectrum (spectrum d) 
when the surface is oxidised. Thus the ion induced 
spectra show none of the characteristics expected 
for the exicted atom being in the solid matrix of the 
metal; there is no loss tail, no plasmon structure 
and no matrix effect (as when the oxide is formed). 
One must conclude that the source of ion induced 
Auger electrons is not located in the solid. 
It is also to be noted that there is a major differ-
ence between the energy of the major peak in figs. 
la and lb; for ion impact it lies 5.5 eV lower than 
for electron impact. It has sometimes been argued 
that the width of the ion induced aluminium line is 
less than that of the electron induced line4); this 
was based on analysis of derivative spectra such as 
those shown in fig 2. This conclusion is misleading. 
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Fig. 2. Auger spectra taken in the derivative mode, (a) 3 kV 
electrons on aluminium; (b) 100 kV Ar+ ions on aluminium. 
The integral spectra show that much of the width 
of the electron induced line is caused by the loss 
tail. If we discount the loss tail then the electron 
induced line is about 1.4 eV fwhm while the ion 
induced line is wider at about 2.3 eV fwhm. It is 
well known that there is a substantial difference 
between the nature of the electron and ion impact 
excitation mechanisms. Electron impact forms an 
L-shell hole by direct Coulomb excitation. For 
100 keV Ar+ ion impact Coulomb excitation is 
expected to be small and core hole formation occurs 
primarily by an electron promotion mechanism 
during the temporary formation of an Ar+ + AI 
molecular system. The mechanism is well discussed 
by Louchet et al 5) and is described in a fundamen-
tal manner by Barat and Lichten6). For the case of 
Ar+ on AI the vacancy formation is by promotion 
of a 2p electron forming an Lu or Lm hole; promo-
tion does not occur in the inner shells of the argon 
ion and hence no argon Auger spectrum is seen. 
Promotion may also occur by AI+ AI collisions in 
the collision cascade; again this will cause Lu and 
Lm vacancies of the AI system6). It is not clear 
whether promotion occurs primarily by the 
Ar + +AI event or by the AI+ AI collision cascade. 
Benazeth et al. 7) show theoretically that the sym-
metrical AI+ AI collisions will produce a negligible 
fraction of the L-shell vacancies; on the other hand 
Vrakking and Kroes 8) show that the AI spectrum is 
also produced by Ne + impact and here the promo-
tion in the Ne + +AI collision will occur in the 2p 
shell of the neon and the only source of 2p vacan-
cies in AI must be the symmetric AI+ AI collisions. 
In any case whether the excitation occurs in 
Ar + +AI or AI+ AI, the collision is violent, involv-
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ing energy transfer to the AI atoms of at least 
300 eV8). Taking the product of recoil speed for 
300 eV AI atoms and the theoretical lifetime of the 
2p vacancy9), the decay length for the recoiling AI 
atoms with 2p vacancies will be 61 A. By contrast 
the depth from which 61 e V electrons can escape 
out of AI is only 4.2 A 10). Thus atoms recoiling 
into the solid will in general emit their Auger elec-
trons at a depth from which the electrons cannot 
escape. It follows that only excited AI atoms ejected 
out of the solid (i.e. sputtered) will emit Auger 
electrons that can be detected. This is consistent 
with our discussion of line shape which also implies 
that the Auger spectrum is from ejected particles. If 
the emerging AI atoms have energies of around 
300 e V then the detected line will be Doppler 
broadened by up to 2.5 eV; this is consistent with 
the width of the observed lines. 
Auger spectra of aluminum induced by gas-
phase hi-particle Ar+ AI+ collisions show eight or 
more lines identified as being from ionized states of 
aluminum 11 ). The spectra of the present experiment 
are much simpler and we are led to examine 
whether they might be from neutral aluminum. An 
AI atom with a single 2p vacancy (i.e. 2p5 3s2 3p2 
configuration) decaying to the 2p6 3s3p or 2p6 3p2 
states of AI+ will produce Auger electrons of ener-
gy (estimated from the theoretical binding energies 
of Shirley et a!Y), 64 and 57 eV. It is known that 
Auger electron energies predicted in this way may 
be too high by as much as 4 eV in some cases 12). 
Thus we would argue that the peaks predicted at 64 
and 57 eV could be those which are observed at 
61.5 and 55 eV. Decay of an AI+ ions of a 
2p5 3s2 3p configuration to a 2p6 3s or 2p6 3p state 
will produce electrons at respectively 56 and 49 eV 
coinciding exactly with the two observed subsidiary 
peaks. The peak seen at 76 eV in the derivative 
spectrum has already been identified by Vie! et 
al. 14) as due to ejected atoms with two 2p vacan-
cies. 
Recently Vrakking et al. 8) have claimed that the 
ion induced spectrum of AI is from AI atoms deep 
inside the solid within the disturbed region created 
by the collision cascade. If this were the case then 
the emerging electrons would have a very high 
probability of ionizing other atoms in the cascade 
and losing an energy equal to the relevant ioniza-
tion potential. Indeed since ionization cross sections 
are typically 14) 10- 16 cm 2 the probability for such 
events should be almost unity for all electrons 
except those from the outermost layer of the 
surface. Thus we would expect a peak from alumi-
num 5.98 eV below the main structure; we observe 
the first subsidiary peak 6.5 eV below the main 
structure. Furthermore, when the surface is oxid-
ized we should observe an additional peak with a 
13.6 eV loss due to ionization of oxygen. While 
there is a peak at almost this energy it is present 
when the aluminum is clean and does not increase 
on oxidation. We conclude that there is no 
evidence for the electrons coming from AI atoms in 
a disturbed collision cascade region. 
We have also examined the Auger spectra 
induced by Ar+ ion impact on various heavy targets; 
as representative examples we show in fig. 3 spectra 
induced by 100 keV Ar+ impact on Cr, Mn, Fe and 
Co. The spectra are shown only in derivative form; 
as a result of the large secondary electron back-
ground the Auger peaks are not displayed clearly in 
the integral mode of operation. The spectra are 
complicated and bear no close resemblance to the 
well known electron induced spectra of these 
elements. Hole formation by electron promotion 
mechanisms for these cases where the target nucle-
ar charge exceeds that of the projectile will lead6) to 
hole formation in the Ln, Lm shells of the argon 
~ 
E. 
" >-
i:1 
ii 
E 
w 
~ 
z 
"0 
~ 
0 100 200 300 
En~rgy (eV) 
Fig. 3. Auger spectra taken in the derivative mode for 100 kV 
Ar+ ions incident on Cr, Mn, Fe and Co. Note that the break in 
the curves at around 60 eV occurs when the sensitivity wa~ 
reduced to accommodate the full spectrum on the plotter. 
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projectile. The broad peak between 210 and 260 eV 
is 1ndeed the LMM line of Ar. The considerable 
breadth is consistent with a Doppler broadening 
effect 16) due to the source of the electrons (the 
argon projectile) being in motion when decay 
occurs. Indeed detailed analysis of line width 
suggests that the argon Auger electrons arise 
primarily from backscattered projectiles which have 
emerged from the target. A valiety of additional 
structure is seen at energies from 80 to 200 eV. We 
have tentatively ascribed this to LMM transitions 
involving a vacancy in the L11 m shell of Ar with 
the decaying and ejected electrons arising from 
metal atoms in the target; thus these lines are due 
to decay of an Ar-metal molecular complex. We 
do also observe the LMM peak of the metal in all 
cases lying in the region 40-60 eV. According to 
the electron promotion model6) excitation of the 
metal should not occur by argon-metal collisions; 
excitation of the metal is probably due to interac-
tion of a recoiling metal atom with a second atom 
in the matrix. Whatever the precise origin of the 
structure in these spectra it is clear that the Auger 
spectra for these cases are dominated by features 
from the projectile and are not characteristic of the 
target. 
3. Conclusion 
The ion-induced Auger spectra fall into two 
groups which are characterized by the cases dis-
played here. Excitation is by an electron promotion 
mechanism following the general scheme detailed 
by Barat and Lichten6). For targets of nuclear 
charge greater than that of the projectile, hole 
formation occurs primarily in the projectile leading 
to a complex spectrum of lines broadened by the 
Doppler effect. Since such spectra are characteristic 
of the projectile (rather than the target) they are of 
little value for the analysis of the target material. 
For targets of nuclear charge less than that of the 
projectile the hole formation occurs in the target 
leading to a spectrum characteristic of the target. 
All evidence points to the observed Auger spectra 
being emitted from isolated atoms after their ejec-
tion from the solid.The states are complicated 
involving not only core vacancies but also excited 
outer electrons. Unlike electron induced Auger 
spectroscopy the ion induced process provides no 
information on band structure in the surface and 
spectra are not influenced by changes to surface 
chemistry. Ion-induced Auger spectra provide infor-
mation similar to that of the SIMS technique since 
they are both related to ejection of atoms; there is 
'little correspondence to the technique of electron 
induced Auger spectroscopy. We are forced to the 
general conclusion that ion induced Auger electron 
spectroscopy offers no general advantages over 
conventional electron induced Auger spectroscopy 
or SIMS. 
This work was supported in part by the Magnetic 
Fusion Energy programme of DOE and in part by 
the Solid State Chemistry programme of the NSF. 
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TECHNICAL SUMMARY 
The general objective of the work was to study processes leading to · 
excited state formation (both inner and outer shells) as slow atoms, ejected 
from a solid by the sputtering mechanism, traverse the discontinuity in 
potential presented by a solid surface. 
A major component of the work was a study of inner shell excited states 
detected by the Auger spectrum of ejected electrons. For heavy lon (generally 
+ Ar at 20 to 200 keV) impact on Mg, Al, and Si, we observed a continuous 
emission from decay in the matrix, a line spectrum identified as from 
sputtered neutral atoms and an additional continuum tentatively identtfied as 
due to decay of emerging atoms close to the surface (within 5 i) .~d therefore 
distorted by surface potential. The line spectrum of sputtered atoms had 
never been previously identified and our detailed analysis of the matter 
brought to a conclusion considerable speculation in the literature. In effect 
the ejected particle had lost an inner shell electron, probably in the 
collisional ejection event, but picked up an extra outer electron, probably 
as it emerged through the surface. For example, the relevant species in Mg 
5 2 had a structure 2p 3s 3p. These species cannot be created in a gas phase 
collision. All significant lines were clearly identified and line intensities 
shown consistent with theoretical predictions of branching ratios. Lifetimes 
of such states ar short (37 femfto seconds for Al) so that decay of sputtered 
atoms may frequently occur within the potential field of the solid. This 
decay was considered to be responsible for a 5 eV (approximately) continuum 
that increased in magnitude as lifetime decreased; a definite identification 
will require a detailed theoretical prediction. The work is all published. 
The definitive paper is attached as Reprint 1 and earlier intermediate reports 
as Reprints 2 through 4. 
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During the course of our Auger studies we discovered that oxygen was 
+ + desorbed efficiently from Ti and Fe by hydrogen ions (H
2
, H
3
) with a mechanism 
involving electron stimulated desorption by the electrons attached to the 
projectile. This again was a new discovery and related to :tnner shell 
excitation effects; it is fully reported in Reprint 5. 
We maintained parallel studies of optical emission spe•~tra related to 
outer shell excitation concentrating particularly on molecular species. We 
studied N
2 
sputtered from N ion implanted Si and showed a non-thermal distri-
bution of rotational state excitation. This was ascribed tn the hindered 
rotational motion of the N
2 
molecule when bound to· the surf~.ce b~fore ejection. 
The major report is Reprint 6 with an earlier report being Reprint 7. We 
showed also that molecules (specifically CN) could be creat.ed inside the solid 
by sequential implantation of its separate components (C and N). With 
assistance from our theoretical colleagues we suggested that an implanted 
species causes a localized melting at the end of its range and that recombi-
nation occurs in this region. This work is fully published as Reprints 8 
and 9. 
Throughout the work the PI maintained a considerable interest in review 
of this general area. A major review of the whole area was written for 
Progress in Surface Science (Reprint 10) and a minor review for Vacuum 
(Reprint 11). The question of whether ion-induced Auger spe~tra could be 
used for surface analysis was reviewed in Reprint 12. 
